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CHAPTER I. INTRODUCTION 
Historic Background 
Soil erosion has been defined as "a process of detachment and transportation of soil 
material by erosive agents" (Ellison, 1947). Civilizations have crumbled as their 
productive farmland has eroded away, or because upland erosion has caused 
insurmountable siltation problems in productive lowlands (Lowdermilk, 1953). 
In spite of conservation efforts, soil erosion is still recognized as a major agricultural 
problem. Nationally, 25% of US cropland and 13% of US rangeland are eroding at 
unacceptably high rates (Committee on Conservation Needs and Opportunities, 1986). 
Soil erosion is costing farmers and the nation in lost resources and expense in navigation 
and flood control due to siltation (Troeh et al., 1980; Joint Council of Food and Ag. Sci., 
1986). 
Formal research on soil erosion was begun in the US in the 1930s following the 
severe wind erosion in the great plains. During the 1940s, equations were developed to 
predict erosion levels, and these equations ultimately were incorporated into the Universal 
Soil Loss Equation (USLE) (Troeh et al., 1980). This empirical equation has been adopted 
for use on many soils throughout the world (Hudson, 1985). Because it is empirically 
based on data gathered from sloping, flat test plots, the USLE fails to consider severe 
rilling or gully erosion as experienced on many soils, or to allow itself to be easily adapted 
to include certain tillage conservation practices, sediment deposition, gullying, or 
topography (Foster, 1987; Meyer et al., 1977; Wischmeier, 1976; Wischmeier and Smith, 
1978). The USLE was developed to provide seasonal or long term rotational estimates 
only, and estimating erosion from single rainfall events has not been recommended 
(Wischmeier, 1976). 
More recently a set of equations to better define the erosion process were developed 
(Meyer and Wischmeier, 1969; Foster and Meyer, 1972b; Foster et al., 1976; and Foster, 
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1987) which allow the estimation of erosion on an individual storm basis. These equations 
separate soil erosion by water into rill and interrill components, and then combine the result 
to calculate total erosion on a storm by storm basis over the entire growing season. This 
process based approach allows application of the erosion model to a greater diversity of 
climates, as well as improved consideration of topography, soil conservation practices, 
erosion control structures, and seasonal changes in crop growth, soil moisture, and residue 
cover. 
Because of the limitations of the USLE, the more recent rillAntenill process based 
methods described above have been developed for erosion and chemical transport (Knisel, 
1980; Lane et al., 1987), and for ephemeral gully erosion (Kohl, 1987). Soil erodibility 
properties for these models have not been found for many of the common agricultural soils 
in the US or elsewhere (Foster et al., 1976; Wischmeier, 1976). Also, there have been 
discrepancies within the new equations that have not been fully explained (Foster, 1987; 
Laflen et al., 1985; Alonso, 1980). Research is ongoing to gather field and laboratory 
(Laflen et al., 1987; Simanton et al., 1987) data which will allow the use of the rill/interrill 
model in future computer simulation programs to better predict the effect of alternative 
cultural practices and soil properties on soil erosion. 
Objectives 
The objectives of this research project were: 
1. To compare the processes of rill erosion on a wide range of soils 
under simulated rainfall; 
2. To derive mathematical equations for rill erosion based on principles 
of soil mechanics, fluid mechanics, and soil physics; 
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3. To relate the constants in the rill erosion model to commonly or easily 
measured soil properties. 
Hypothesis 
The hypothesis of this dissertation is that the processes associated with the rill 
erosion of a soil can be described by mathematical equations based on principles of soil 
mechanics and soil physics. In addition, the coeffîcients in these equations can be 
predicted by measuring certain soil properties, and that the exact properties that will have 
the greatest effect on erosion can be identified by using statistical regression techniques on 
the measured soil properties. 
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CHAPTER n. THEORETICAL MODEL 
In this chapter literature is reviewed and algorithms are developed which are 
necessary for the achievement of the objective to derive mathematical equations for rill 
erosion based on principles of soil mechanics, fluid mechanics, and soil physics. 
Detachment Models 
Soil erosion due to flowing water is considered in the Universal Soil Loss Equation 
(USLE) by the slope and length relationships developed by Zing (Meyer and Wischmeier, 
1969; Troeh et al, 1980). The current USLE model (Wischmeier and Smith, 1978) 
calculates an LS term to account for slope and length in the form: 
LS = (V72.6)m (65.41 ginZ g + 4.56 sin s + 0.065) {1} 
where X, is the slope length in feet and s is the slope. The exponent, m, varies from 0.2 on 
small slopes to 0.5 on slopes over 5%. This term reflects the effects of accumulated 
runoff, and subsequentiy flow rate on erosion. The limitation of the LS factor is that only 
detachment, and not transport or deposition, is included in this term. 
The ability of flowing water to detach and transport soil has been studied for many 
years by sedimentation engineers. The DuBoys' formula relating hydraulic shear or 
tiractive force to sediment transport capacity, was first published in 1879. Various forms of 
the hydraulic shear sediment transport model have since been developed by sedimentation 
engineers (Graf, 1971; Vanoni, 1975). The DuBoys' formula has recentiy been modified 
for rill erosion by Meyer and Wischmeier (1969). They reported that hydraulic shear was 
related to flow rate and slope by the relationship: 
X oc s2/3 Q2/3 (2} 
where: s = Slope of rill, m m"l 
Q = Rill flow rate, L min'l 
T = Hydraulic shear, N m"2 
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but: t =Yw%s 
with: Yw - Density of water, N m"3 
rh = Hydraulic radius of rill channel, m 
Meyer and Wischmeier (1969) then modeled the rill detachment rate as: 
Df = Kj.^St2/3 Qj2/3 + sjj2/3 Qy2/3 ^  (3) 
where is the rill detachment rate, Kj- is a soil constant for rill erodibility, and the 
subscripts t and b refer to the conditions at the top and bottom of a rill segment. 
The equation {3) is similar in form to that suggested by Lane (1955) for stream 
channel sediment transport in which he stated: 
Qs oc Gs d {4} 
Where: Q = Stream discharge 
s = Slope of stream channel 
Gs= Bed sediment discharge 
d = Particle diameter of bed material 
The Kf term in equation {3} would reflect the particle term in the Lane's relationship, 
as well as other properties of soil which would resist rill erosion. Lane's relationship was 
intended for stream channels in which the equilibrium had been perturbated. Since an 
eroding rill is a stream channel trying to achieve equilibrium, the relationship could be 
applicable to rills. 
Foster and Meyer (1972a) stated that unpublished research had shown that: 
Dc = Krx3/2 (5} 
where is the detachment capacity for clear water. They continued to develop a set of 
equations in which actual detachment rates decreased with an increasing eroded sediment 
load in the rill flow. 
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Foster and Meyer (1972b) modified the above equation and suggested that the 
relationship as developed by Partheniades (1965) which included a critical shear, Xc, may 
be more valid. They suggested that the detachment capacity could be expressed in the 
form: 
Dc = Kr(x-Tc)3/2 {6} 
They also cited the work of Yalin (1963) who emphasized the importance of a critical 
shear when modeling sediment transport. Detachment capacity is the maximum detachment 
that would be expected from clear water. The actual detachment rate would be less as 
increasing amounts of sediment were being transported in the rill (see Chapter IV). 
Meyer et al. (1975) described rill erosion as consisting of two processes, shear and 
headcutting. They stated that both shear and head cut erosion could be related linearly to 
flow, and proposed a detachment equation in the form; 
Dr = Krt(Q-Qci)nil+K:2 (0-002)"^ {7) 
where the first term is for detachment by headcutting, and the second term is detachment by 
scour. 
Because they had insufficient data to evaluate all of the constants in the above 
expression, they proposed a simpler equation to combine both headcut and shear erosion 
together: 
Dr = Kr(Q-Qc)m {8} 
From their field observations they found that m was 1.07, and attributed the fact that 
it was greater than 1 to the combining of rill detachment from both shear and headcutting. 
They concluded that the effect of the exponent was so small that it was unnecessary, i.e. 
m=l. 
The Qc term is a critical flow below which no detachment will occur. This equation 
resembles the Schoklitsch (Vanoni, 1975) family of sediment transport equations which are 
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particularly suited to rivers carrying large amounts of sediment in suspension (Vanoni, 
1975), in which the Ky coefficient would contain a slope factor and a particle size 
distribution factor. 
The critical flow concept has been observed in areas susceptible to rilling by noting 
the uniformity of distance from the top of slopes to the uphill limit of headcutting. This 
distance varied between soil associations (Ritter, 1986) and reflected the length of slope 
necessary to accumulate sufficient flow to initiate rilling. 
In the field scale erosion and chemical runoff model, CREAMS (Knisel, 1980) a 
shear model is used in the form: 
Dr = Kr(1.35 (9) 
where: = Rill erosion rate, gs'l m"2 
Kj- = Soil constant, g s'l N'^ 
X = Average hydraulic shear of flowing water, N m"2 
Xg = Critical shear of soil, N m"2 
Foster et al. (1982) used a simpler model to fit data from a field study of erosion on 
freshly tilled soil: 
Dr = Kf(x-Xc) ( 10} 
Once the rill eroded through the freshly tilled layer and reached a less erodible subsoil, 
however, the above relationship was no longer valid. 
Watson et al. (1985), when modeling ephemeral gully erosion, used a similar 
relationship of the form: 
Dc = Kr(1.35x-Xc) {11} 
Like Foster and Meyer (1972b), the above equation was modified to account for 
sediment in transport, and, as was done by Foster et al. (1982), the detachment was also 
modified when a nonerodible boundary was reached. 
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In the most recent WEPP erosion model (Foster, 1987; Lane et al., 1987) rill erosion 
is modeled as: 
Dc = Kr(x-Xc) {12} 
where is the detachment capacity of clear water. 
All of the above rill erosion models contain hydraulic shear, flow, or the product of 
flow and slope as the independent variable. According to Meyer (1965), the relationship 
between these variables is; 
tocQ2/3s2/3 {2} 
The product of Q*s can be shown to be the energy contained in or dissipated by 
flowing water, by noting that by deflnition, potential energy is equal to m*g»h. In the case 
of flowing water, the flowing mass is m^. The area of the rill over which the potential 
energy is distributed is the product of the rill width, Wy, and the rill length, L. The amount 
of potential energy distributed over a given area of rill channel (Ep) is then found to be: 
%=lf3nr 
where: Ep = Rill flow potential energy dissipation rate, N s" 1 m" 1 
m^ = Mass of flowing water in rill, kg 
g = Acceleration due to gravity, m s"2 
Assuming that the mass of one liter of flowing water is 1 kg: 
™w g = Q Yw 
h = Head loss, m 
= s xL 
Wf = Width of rill, m 
L = Length of rill, m 
Substituting the above two relationships into equation {13} leads to: 
e l=^^w.  (15b )  
A similar analysis showed the hydraulic energy loss, that loss due to the energy grade 
line, to be: 
(15) 
where Ej is the energy loss and Sg the slope of the energy grade line. 
Thus it was found that the Q«s term was in fact either the hydraulic energy loss, or 
the potential energy dissipation of water for the flow in rill. If equation {15} is further 
analyzed, the product of the flow cross-sectional area. A, and the rill velocity, V, can be 
substituted for the flow, Q. This leads to: 
A. SQ 
'T 
For a wide, shallow rill, for some soils, the rill width, Wp can be assumed to equal 
the rill wetted perimeter, WP. Making this substitution into the above equation and 
rearranging the terms leads to: 
El=YwSeV-^^ {15c} 
The approximation for rill velocity, V, using the Chezy formula (Chow, 1959), is 
V = C V^hSe • The term is equal to the hydraulic radius, r^. Making these two 
substitutions leads to: 
el = cywni^^^se3/2 
y_l/2 
multiplying the above expression by—pleads to: 
yw^/^ 
el = -^7^3/2 rj^3/2 sg3/2 
Yw 
Hydraulic shear, t, is equal to Yw % ^e» and making this substitution leads to: 
1'6) 
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Solving the above equation for t leads to the following relationship between 
hydraulic shear and hydraulic energy: 
tocEi2/3 {16b) 
which is similar in form to the relationship {2}. 
An alternative energy expression would be to consider that the energy dissipated from 
the flowing water was the cause of the erosion. A model in this form would subtract the 
kinetic energy of the flowing water from the potential energy and would be in the form; 
Where V = Water velocity in the rill, m sec"l 
The potential energy, equation {14}, approaches the energy loss, equation (15}, for 
most shallow open channel flows since the energy grade line, Sg, approaches the channel 
slope, s. (Foster and Meyer, 1972a), which means that the kinetic energy in equation {17} 
is negligible. This leads to a simpler relation similar to equation {16b} of: 
xocep2/3 {18} 
Another approach to find the relationship between x and Ep is to consider equation 
{15c}: 
^1 ~ Yw ®e ^ "wp" 
As stated above, the energy grade line and the channel slope can be considered to be 
the same. Substituting these relationships into equation {15c} leads to: 
V yw v a s  
~ WP 
Substituting the ratio for the hydraulic radius, r^ leads to: 
Ep = 7w ^ ^ (19} 
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The hydraulic shear, x, can replace the quantity rh s. Thus another relationship 
between energy and shear is: 
x = ^  {20} 
Another common fluids relationship that can be seen in equation {19} is the product 
V*rh. For constant fluid temperatures, this product will determine the Reynold's number, 
(Chow, 1959). Thus, the relationship between flow energy and Reynold's 
number is: 
Ep * Rg s (21} 
Summary of Rill Erosion Models 
Summarizing the models for rill erosion, all of the recent models reviewed were 
either shear or energy models, and most models were linear or nearly linear relationships 
between detachment and shear or energy. Foster and Meyer (1972a) stated that both 
detachment and transport of sediment depend on the energy that is available, and then 
continued to model both processes with shear raised to the 3/2 power, which as shown 
above, is the energy available. Because of the close relationship between shear and energy, 
it is expected that both equations can model flow/erosion conditions with similar validity. 
It was also noted that two detachment rates have been proposed, and D^. The 
relationship between these two rates will be discussed in Chapter IV. 
In all of the above models, except for Meyer et al. (1975), only the rill erosion due to 
scouring of the wetted perimeter was considered. Meyer et al. (1975) also included 
headcutting, but combined detachment due to headcutting with detachment from scour in a 
single energy term. None of the models attempt to quantify erosion that may be due to side 
sloughing (Foster et al, 1976), or dispersion (also called slaking or incipient failure) 
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(Mickle, 1986; Young and Onstad, 1982). A more accurate model for rill erosion should 
include factors to account for all of these sources and could be written as: 
Dj- = Constant + Scour + Headcutting + Side Sloughing + Dispersion {22} 
One term using either scour or energy may describe both sources of erosion, since 
shear and energy are so closely related (Meyer et al., 1975). 
Scour 
The scour term is intuitively best represented by equation {12} : 
dc=kr (x - t c )  (12 )  
where: Dg = Detachment capacity, g s"l m"^ 
Kf = Rill shear detachment coefficient, g s"l N"^ 
X = Hydraulic shear, N m"2 
XQ = Critical hydraulic shear below which no erosion occurs N m"2 
The Kj. term is not confounded by sources of erosion other than from scour, and 
subsequently has a lower, but more consistent value. In the expanded model, equation 
{22}, the constant term would include XQ so it would not need to be included in the shear 
term. 
Headcutting 
Headcutting is primarily a function of energy dissipation, and may better predict the 
erosion observed on high hydraulic energy conditions as is the case with steeply sloping 
rills or with high rates of concentrated flows creating ephemeral gullies. Meyer et al. 
(1975) indicated that this term could be significant. They suggested that headcut erosion 
could be modeled in the form of: 
Dh = (23) 
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where the author has divided the flow, Q, by the rill width, Wp to give a flow per unit 
width. The critical flow, Qhc. is that flow below which no headcutting would occur. The 
critical flow, as with critical shear, could be combined with the constant in equation {22}. 
Meyer et al. (1975) found that m was approaching 1, but failed to have sufficient data to 
separate erosion due to headcutting from that due to shear, which was estimated by a 
similar energy model. If K^' includes the slope of the rill, then it can be seen that 
headcutting erosion is a function of energy dissipation as derived previously. The estimate 
of rill erosion by headcutting due to the energy dissipation of water can then be written as: 
dh = kh^ (24) 
where: = Detachment of soil due to headcutting, g s'l m-2 
Kji = Constant reflecting the soil resistance to headcutting, g m'^ 
Q = Rill flow, m^ s"l 
s = Rill slope, mm" 1 
Wj. = Rill width, m 
Dispersion 
The dispersion factor will be expected to be a major factor only for soils with a high 
clay content, low organic matter, and in a very dry antecedent moisture condition 
(Davidson, 1949; Hillel, 1982; Quirck and Panabokke, 1962; Young and Onstad, 1982). 
Hillel (1982) described the dispersion or slaking process as a rapid wetting of a dry soil 
which led to swelling and collapse of the soil aggregates. This in turn led to erosion or to 
surface sealing and higher runoff rates, indirectly increasing erosion rates. It is unlikely 
that this condition would occur in the midwestem US, but it could be a significant factor in 
arid regions. A preliminary model for erosion due to dispersion could be written as: 
Dd = KdMC {25} 
where: Dj = Detachment due to dispersion, g m"2 s"l 
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Kd = Dispersion constant, g m"2 s"l (per cent MC)"^ 
MC = Antecedent soil moisture content, per cent 
The Kd term would reflect those soil properties which have been found to affect 
dispersion. Kj would be negative in the regression analysis of soils if slaking is 
significant. Measuring the effect of dispersion on erosion in the field will be difficult to 
achieve, and as a consequence, this term can only be evaluated statistically by measuring 
the soil moisture content at each erosion site. If this term proves to be significant, further 
research under controlled laboratory conditions would be necessary to more accurately 
quantify erosion from dispersion. 
Soil moisture content can have other effects on the erosion process in addition to 
slaking, however. These effects are discussed in the following section. One major effect 
is that higher soil moistures can lead to greater side sloughing of rills (Handy, 1973; 
Holzhey and Mausbach, 1977; Ritter, 1986) as discussed in the following section. 
Side Sloughing 
Side sloughing can be evaluated by considering principles of soil mechanics and soil 
physics (Lambe and Whitman, 1969; Mickle, 1986; Ritter, 1986; Young and Onstad, 1982; 
Wu, 1966). Side sloughing could be a major component in rill erosion on soils with low 
cohesion and high infiltration that have had a rill cut through from previous rill erosion. 
Consider Figure 1, where Hg is the maximum height at which a vertical cut can stand 
unsupported (also called the critical height (Wu, 1966)). Any erosion leading to a depth 
greater than H^, will result in side sloughing. The forces activating a side slough will be 
the weight of the soil itself, W, and any positive pore pressures along the failure plane 
(Lambe and Whitman, 1969). The forces resisting side sloughing will be soil shear 
strength along the failure plane, F sin((}>), cohesion, and any negative pore pressure, \|/. 
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INFILTRATION 
PERCOLATION 
Figure 1. Internal soil forces, dimensions, and critical height of an unsupported 
vertical side of an eroding rill 
The critical height of the soil wedge if pore pressures are not considered, can be 
shown to be (Wu, 1966): 
he =-^:^tan(^45°+ {26} 
where: He = Critical height, m 
c = Soil cohesion, N m"2 
(]) = Soil internal angle of friction, degrees 
Ys = Density of soil, N ni"3 
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The above equation, however, does not include the effects of pore pressure, and to 
account for them, the dynamic soil moisture content must be evaluated: 
MQ = MC + Infiltration - Percolation {27 ) 
where the moisture content at any time, MQ, is equal to the antecedent moisture content, 
MC, plus the moisture added by infiltration, less that lost by percolation. Once the soil 
moisture content is known, then the corresponding negative pressure can be calculated if 
the soil matrix is not saturated (Freeze and Cherry, 1979), or positive pressure can be 
established if the matrix is saturated (Lambe and Whitman, 1969). 
Using the principles of soil mechanics, it can be shown (Appendix 1) that the effect 
of pore pressure and cohesion on Hg can be described as follows: 
Hc = ;~(2.67 ctan ^45 + ^ j- 1.33 y (tan2 ^45 + j )- l) ) (28) 
where: = Critical height from pore pressure, meters 
= Pore pressure, N m"2 
Ys = Soil unit weight, N m"3 
(() = Angle of internal shear, degrees 
If the depth of rill erosion from other sources does not exceed Hg, then there will be 
no erosion due to side sloughing. If the depth of the eroded rill does exceed then side 
sloughing can assume to be contributing to erosion and the subsequent side slope of the rill 
channel will be equal to 45° + j. 
The transport capacity of die rill is usually in excess of the detachment capacity 
(Laflen, 1987; Hjulstrom as referenced in Graf, 1971). Hence it can be assumed that the 
excess soil that sloughs into the rill will soon be carried away as has been observed in gully 
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growth (Piest et al., 1975). The cross section of the rill will be similar to that shown in 
Figure 2, with a more shallow, wider cross section of flow. 
The process of the removal of detached sediment by flowing water will not be 
instantaneous, so any sediment that has sloughed in from the side will be transported 
downrill over a period of time. The transport rate will depend on the transport capacity of 
the flowing water as well as the amount of sediment already in transport as discussed in 
Chapter IV. Any increase in side sloughing as a source of detached sediment will result in 
a decrease of scour erosion. 
Subsequent to side failure, the rill will continue to erode vertically downward until the 
depth once again exceeds a critical height (Figure 2). A similar analysis to that shown 
previously (Appendix I) can provide an estimate of when a second side failure will occur. 
This analysis yields a second equation which is valid for all subsequent critical depths of 
failure; 
HC2=1.5HC1 {29} 
where: Hc2~ Critical depth for second side wall failure 
Hci = Critical depth for first side wall failure 
45+<t)/2 
Figure 2. Critical depth for side failure of rill side following 
initial triangular wedge failure 
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Side wall failure has thus been shown to depend on the critical height, which depends 
on the soil moisture characteristic curve, infiltration, permeability, cohesion, shear 
strength, and density. All of these factors can be combined in a single soil property 
coefficient of Kg which can be found statistically. The erosion due to side sloughing per 
unit length and unit width can be expressed as: 
g 
Dg =—(Eroded Depth)^ (30) 
where the units on Kg are g sec"^ m"3. 
The rill erosion process can thus be summarized with a model of the form; 
Df = Constant + Scour + Headcutting + Dispersion + Side Sloughing {31} 
Substituting the values from equations {12}, {24}, {25}, and {30} for each of the 
terms in equation {31} will give: 
Dj. = Constant + Kj- x +"~-Q s + Kj MC + 
^(^(^(^Constant + s + Kj Mcj t j/pj J {32) 
where: t = the time increment during which erosion is occurring, sec 
Pg = the soil density, g m"3 
The value of the constants will all depend on soil properties. On a soil with high clay 
content, low values for all K's except perhaps Kj would be expected. On a soil with a low 
infiltration, but a high permeability (a crusted loess soil), a high value for K^ and a low 
value for Kg would be expected. On a soil with a high infiltration rate but incapable of 
having a high negative pore pressure, like a fine sand, both a high Kf and a high Kg would 
be expected, but K^ may be lower. 
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CHAPTER in. SOIL PROPERTIES AFFECTING SOIL 
ERODIBILITY 
This chapter contains a literature review and discussion as background for the 
objective to relate the constants in the rill erosion model to commonly or easily measured 
soil properties. 
Soil erodibility has been shown to be correlated with measurable soil properties. 
Considerable research has been carried out relating soil erodibility to soil strength, 
aggregate strength, and soil properties. 
Soil Texture 
One of the most commonly measured soil properties is texture. In 1939, Bennet, in 
his book, Soil Conservation, listed texture as the fîrst soil property to consider when 
studying soil properties that affect erodibility. The complex influences of texture on 
infiltration, aggregation, and chemical interaction, however, made it difficult to quantify in 
any exacting terms. 
Bamett and Rogers, in 1966, found that the fine sand content, with combinations of 
other textural values of lesser importance, was the most important soil property for 
prediction of water erosion soil loss. In a more detailed study of 12 southeastern US soils, 
Bamett et al., in 1965, related soil properties to the soil erodibility factor, K, in the 
universal soil loss equation (Wischmeier and Mannering, 1969). They found that soil 
texture was more important than earlier research had shown, and that erodibility tended to 
increase as soil texture ranged from sand to silt loam. 
In 1969, Wischmeier and Mannering published the results of a five year field study 
relating the USLE K value to soil physical and chemical properties. The silt content, and 
its products with other soil chemical and physical properties, accounted for most of the 
variation in the soil erodibility constant. Sand content and its products, as well as clay 
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content and its products, were also in the model that contained 24 different terms to 
describe K. The complex model was simplified by Wischmeier et al., in 1971, when he 
produced a nomograph which gave an estimate for the soil erodibility coefficient from only 
fîve soil parameters: percent silt (0.002 to 0.05 mm dia) plus very fine sand (0.05 to 0.1 
mm dia), percent sand (0.1 to 2.0 mm) (Hillel, 1982), organic matter content, and 
subjective descriptions for structure and permeability. In 1978, Wischmeier and Smith 
published the same nomograph along with a regression equation which included codes 
from 1 to 5 for structure and permeability. The regression equation was in the form: 
100 K = 2.1 (10-4)(12 - OMi) + 3.25 (b - 2) + 2.5 (P - 3) 
where: M = (percent silt + very fine sand)(100 - percent clay) 
OMi = percent organic matter 
b = structure code between 1 and 5 
P = profile permeability class code between 1 and 5 
In a laboratory study with tropical soils in India, Varma and De (1969) found that 
erosion coefficients varied with texture in the following manner: 
loam > clay loam > silty loam > loamy sand 
When studying particle size distributions of eroded sediment. Young and Onstad 
(1976) found that "two significant factors were found to influence the rillability of a soil-its 
textural classification and organic matter content." They proposed the following equation 
to relate texture to "rillability" factor, Fj: 
Saj  x Clj  
^i~omix 100 
where Sa;, Cli, and OMj are the percent sand, clay, and organic matter of soil i. 
El-Swaify and Dangler (1977) studied the erodibility of ten tropical soils in Hawaii 
using simulated rainfall and related the USLE K value to measurable soil properties. They 
found that, in order of importance, the textural properties that best described K were: 
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1. The percent of material passing through a 250 |xm sieve during wet sieving 
2. The product of sand x (silt + very fine sand) 
3. Percent silt 
4. Percent clay 
Romkens et al. (1977) found that for surface soils, Wischmeier's M as noted above 
plus the various sand size contents proved to have the highest correlation coefficients with 
the USLE erodibility factor, K. 
The model proposed by Wischmeier et al. (1971) was modified to suit the erodibility 
of twenty European loam to loamy sand soils by Verhaegen (1984). In a laboratory study 
using simulated rainfall, he divided the erosion into wash loss and splash loss, and found a 
negative correlation between erodibility and silt content for both types of loss. This was in 
contrast to the findings of most other researchers. He also observed a positive correlation 
between erodibility and sand content for both. 
In selecting soils for calibrating the USDA Water Erosion Prediction Project (WEPP), 
Foster (1987) suggested texture as the first soil property to consider. 
Organic Matter 
Soil organic matter is second to texture in frequency of use when relating soil 
properties to soil erodibility. Bennet (1939) stated that the greatest effect of organic matter 
on erodibility was on structure, and on the formation of water stable aggregates. Hillel 
(1982) confirmed the importance of organic matter on aggregate stability, both to resist 
breakdown from rain drop impact and to resist slaking under very dry soil conditions. 
Wischmeier and Mannering (1969) found that, on a five year study of 55 com belt 
soils, organic matter content gave a higher absolute correlation with erodibility than did any 
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of the textural properties, and, when modeled in the form ^ org^nic^matter ' *e 
best predictor of soil erodibility. In the nomograph of Wischmeier et al. (1971), and in the 
corresponding regression equation for the USLE K value given previously, organic matter 
is prominent. 
The equation of Young and Onstad (1976), mentioned previously, considered organic 
matter as important as sand and clay contents in describing a soil's "rillability". 
In laboratory studies, Verhaegen (1984) found correlation coefficients between 
organic matter and wash loss of -0.38 on European loams. Bradford et al. (1987) also 
found significant correlation coefficients between organic matter and various soil erodibility 
measurements. Foster (1987) included organic matter as one of the key properties to be 
» 
evaluated in calibrating the soil erodibilities in the WEPP computer model. 
Aggregate Size and Stability 
As noted previously, Bennet (1939) stated that the most important effect of organic 
matter is in forming water-stable aggregates that resist erosion and increase soil porosity, 
leading to a decrease in runoff. He suggested that aggregate size, stability, and the 
distribution throughout the soil profile should be considered when evaluating a soil's 
erodibility properties. An aggregation index developed by Voznesensky and Artsruui was 
found by Wischmeier and Mannering (1969) to give high correlations to erodibility. This 
index reflects dispersion, aggregation, and water retaining ability of aggregates. The 
aggregates' organic matter, clay content, and clay type are reflected in this property. 
Aggregate size and stability was reflected in wet sieving measurements carried out by 
El-Swaify and Dangler (1977) on tropical soils. The correlation coefficient between the 
USLE K and the amount of soil that passed through a 250 |im sieve was 0.9. The 
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correlation coefficient of K with the mean diameter found fix)m wet sieving was -0.6 on 
wet soil plots. 
Francis (1981) studied aggregate stability with water drop impact. He stated that 
aggregate stability was one of the more important properties in determining a soil's 
resistance to erosion. He also observed that aggregate stability depends on texture, soil 
microbial populations, organic matter, and chemical bonds. In his research he found that 
aggregate stability increased with increasing soil-water tension. 
Hillel (1982) discussed the importance of aggregate stability in improving overall soil 
structure, and hence the resistance to erosion by both water and wind. Verhaegen (1984) 
found on European loess, a correlation coefficient of -0.48 between total losses and 
aggregate stability as measured by wet sieving. Foster (1987) included both aggregate size 
and stability as soil properties reflecting erodibility for inclusion in the WEPP model. 
Structure 
Bennet (1939) stated that the best indicators of soil structure were aggregate size, 
aggregate stability, and the soil porosity and permeability which depended on the aggregate 
distribution throughout the soil profile. Aggregate distribution was considered an 
important property in determining a soil's erodibility. 
The correlation coefficient between a structure code based on profile description and 
soil loss was 0.23 for Wischmeier and Mannering (1969). In the Wischmeier et al. (1971) 
erodibility nomograph, a structure code between 1 and 4 based on profile description was 
one of the five factors required to predict the USLE K value. El-Swaify and Dangler 
(1977), however, found structure of much less importance than other properties with a 
correlation coefficient of only 0.26 between stracture code and the USLE K value for 
tropical soils. Foster (1987) suggested that structure should be included in the WEPP 
calibration soil data, although no specific method for quantifying structure was given. 
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Moisture Content 
Several soil moisture properties have been considered in research relating moisture 
content to soil strength and erodibility. In soils from the southeastern US, Bamett and 
Rogers (1966) found that the ratio: 
MC in the 0 - 75 mm soil depth 
field capacity 
was positively correlated in a regression equation relating soil loss to soil properties. The 
antecedent moisture content, MC, was measured just prior to initiation of the erosion 
experiment. Wischmeier and Mannering (1969) found only a slight negative correlation 
coefficient of -0.02 between the USLE K value and antecedent moisture content The 
slaking process discussed in the previous chapter would yield a negative correlation 
between soil moisture content and erodibility. Miclde (1986) demonstrated the effect that 
rapid moisture changes can have on slaking on a very dry soil with high clay content In 
contrast, Mickle also emphasized the negative correlation of moisture content on strength of 
loess soils. 
It was observed by Francis (1981) that lower soil moisture contents resulted in 
stronger soil aggregates. Francis reasoned that stronger aggregates would be more resistant 
to erosion, and so there would be a positive correlation between soil moisture and erosion. 
Young and Onstad (1976) found that the moisture content at -15 bars pore pressure 
was one of the important properties in determining aggregate size distribution in eroded 
sediment. Verhaegen (1984) measured saturated moisture contents and found negative 
correlation coefficients of -0.66 with wash loads on European silt loams. Water retention 
was suggested as the soil moisture property to consider for the WEPP model (Foster, 
1987). 
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Holzhey and Mausbach (1977) reviewed numerous references relating erodibility to 
soil moisture content and criticized the Wischmeier and Smith (1978) nomograph for not 
including a term for antecedent moisture. They suggested that moisture content would be 
more important for soils found outside the midwestem humid climate where the USLE was 
developed. They recommended that soils be grouped by taxonomic methods before 
applying the soil moisture criteria. Soil grouping would then account for the interaction 
between moisture content and soil type on erodibility. 
Soil properties that affect soil moisture changes have also been found to have signifi­
cant effects on soil erodibility. Verhaegen (1984) found that a runoff coefficient had a 
significant correlation (+0.46) with soil loss in the laboratory, whereas permeability and 
percolation coefficients did not. When considering soil moisture content, with some soils, 
increased moisture contents can lead to lower infiltration rates (Anderson et al., 1978; 
Rawls et al., 1983). Troeh et al. (1980) and Hillel (1982) both stated that lower infiltration 
rates leading to higher runoff can be expected to give higher erosion rates. El-Swaify and 
Dangler (1977) calculated a correlation coefficient between infiltration and erodibility of 
only -0.4 and noted it was of less importance than other properties. 
The effect of higher runoff rates in the rill erosion model developed in the previous 
chapter would be to increase the rill flows, and hence the rate of rill erosion ft-om all 
sources except slaking. With such a model, infiltration will be of lesser importance than 
other soil properties in predicting erodibility coefficients because the infiltration rate is 
reflected in the runoff. 
The importance of soil moisture tension on soil strength is described in detail by 
Lambe and Whitman (1969). Lower moisture contents increase soil moisture tension, 
which in turn increase soil strength, and hence resistance to erosion. Higher soil moisture 
contents decrease the effective normal stresses leading to a decrease in shear stress at 
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failure. Decrease in strength has been most obviously demonstrated in loess soils that 
collapse following a large increase in moisture content (Handy, 1973). The effect of 
moisture content on rill erosion due to side sloughing was discussed in the previous 
chapter. This would indicate that greater moisture contents would lead to greater rill 
erosion rates. 
Permeability was considered one of the five key properties in the USLE nomograph 
developed by Wischmeier et al. (1971). They used a subjective value between 1 and 5 to 
rank the permeability of a soil. El-Swaify and Dangler (1977), however, found that 
permeability had an insignificant correlation with the USLE K value. 
Other Soil Physical Properties 
In a flume study on critical shear, Laflen and Beasley (1960), found that critical shear 
increased with increasing bulk density. Bulk density was found by Bamett and Rogers 
(1966) to have a significant correlation with runoff, but not with soil loss. Lambe and 
Whitman (1969) discussed the importance of bulk density in altering soil strength in the 
civil engineering context Higher strength soils would be more resistant to rill erosion. 
Foster (1987) suggested that bulk density should be measured for the WEPP calibration 
soils. 
Foster (1987) suggested that soil surface shear strength should be included in the 
calibration soil properties for the WEPP model. Mechanical strength measurement reflect 
sand, silt, and clay contents and will vary with method of measurement (Lambe and 
Whitman, 1969; Mickle, 1986). 
Verhaegen (1984) found negative correlation coefficients between soil loss and the 
plastic limit (r=-0.60) and the cohesion (r=-0.29) for European silt loams. Both the plastic 
limit and cohesion are strongly dependent on clay content and type (Lambe and Whitman, 
1969). 
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Soil Chemical Properties 
The soil clay type was considered an important predictor of soil erodibility, especially 
in tropical volcanic soils in Hawaii, by El-Swaify and Dangler (1977). A mineralogical 
code allowing for amorphous constituents had the highest correlation coefficient with the 
USLE K value (0.76). 
Bennet (1939), listed chemical composition of particles as one of the four most 
important properties affecting soil erodibility. He stated that "the silica-sesquioxide ratio 
appears to be the most significant index of erodibility obtained by chemical analysis" for the 
soils he was studying in the southeastern US. Foster (1987) also considered the clay 
mineralogy and iron and aluminum oxide contents to be important in predicting the 
erodibility of a soil. 
Wischmeier and Mannering (1969) found the increase in acidity beneath the plow 
layer was positively correlated with soil loss rates. The pH was found to be important in 
the multiple regression analysis of El-Swaify and Dangler (1977) in predicting the USLE K 
value for Hawaiian soils. Exchangeable bases and pH are highly dependent properties, 
however (Tisdale et al., 1985. Thompson and Troeh, 1978), and it is unlikely that both 
properties would need to be included in any regression analysis. 
The cation exchange capacity (CEC) was found to be inversely related to erosion 
coefficients by Varma and De (1969) in laboratory tests. Foster (1987) suggested that the 
CEC should be one of the chemical properties to be measured on the WEPP soils. Cation 
exchange capacity depends on clay type, clay content, and organic matter content 
(Thompson and Troeh, 1978). Another soil property related to CEC and clay properties is 
the specific surface (Hillel, 1982; Cihacek and Bremner, 1979). Because of the ease of 
measuring specific surface, it may be more desirable to consider this property instead of the 
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complex laboratory techniques required for CEC and clay mineralogy measurements 
(Horton, 1987; Cihacek and Bremner, 1979). 
Soil Classification 
Soil classification depends on numerous measurable physical, chemical, and 
geomorphic properties of both the topsoil and the subsoil (Foth and Schafer, 1980). Since 
US soils are already classified, this information is available from computer data bases. 
Such information has been shown to be useful in predicting erodibility of a wide range of 
soils (Holzhey and Mausbach, 1977). 
Depth of a soil's A horizon, one of the properties measured in the classification 
process, was found to be one of the terms in the multiple regression relating soil properties 
to soil loss by Bamett and Rogers (1966). Wischmeier and Mannering (1969) considered 
several properties related to soil classification in their regression equation for K. These 
included structure change below the plow layer, the thickness of a "granular layer", and the 
depth from "friable" to "firm". The CREAMS rill erosion model considered the depth of 
the plow layer when calculating rill erosion rates (Knisel, 1980). 
The morphology of a soil is often evident in the soil classification. Wischmeier and 
Mannering (1969) found that specifying a loess-or-otherwise term improved their multiple 
regression expression for the USLE K value. El-Swaify and Dangler (1977) used 
expressions for structure and permeability from profile descriptions provided from the Soil 
Conservation Service classification. Foster (1987) suggested that morphology of soil 
particles at or near the surface should be included as one of the properties to include in the 
WEPP model. 
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Properties of Eroding Water 
Water temperature was found to increase erosion rates in several cases as reviewed by 
Kandiah (1974). Increased water temperatures increased the erosion rate and decreased the 
critical shear. Kandiah suggested that this was because the higher temperatures decreased 
the strength of clay bonds within the soil clay fraction. Kandiah found that as water tem­
perature increased from 9.5" C to 42* C, the critical shear stress of an illitic soil decreased 
from 3.6 to 0.8 N m"2. 
Water quality, in particular the ionic concentration, was found to influence erosion 
rates by Sargunam (1973). Decreasing the ionic strength of the eroding water was found to 
increase erosion rates. This effect was attributed to a concentration gradient between the 
soil aggregates and the eroding water, causing the aggregates to break down. 
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CHAPTER IV. EFFECT OF SEDIMENT IN TRANSPORT ON 
DETACHMENT 
In this chapter, mathematical methods are developed to more precisely achieve the 
first two objectives, to compare the processes of rill erosion on a wide range of soils under 
simulated rainfall, and to derive mathematical equations for rill erosion based on principles 
of soil mechanics, fluid mechanics, and soil physics. 
Governing Equations 
Research (Graf, 1971) and field observations (Foster and Meyer, 1972b; Lane et al., 
1987) have shown that the rate of sediment detachment was reduced as the concentration of 
sediment being carried by a channel increases. This effect had been observed immediately 
downstream from major reservoirs where low sediment laden water caused accelerated 
erosion on the channel floor (Foster and Meyer, 1972a; Graf, 1971). The same 
phenomenon has also been observed by the author during erosion research in 1987, when 
it was noted that more severe scouring occurred at the top of rills immediately below the 
point of adding clean water when compared to erosion further downstream. At some sites, 
deposition was observed at the downstream end of some of the eroded rills. Hence, it was 
necessary to examine the effect of transported sediment on erosion rate, and on the soil 
erodibility coefficients that were being derived from erosion research data. 
According to Foster and Meyer (1972a), an intuitive expression for the effect of 
suspended sediment on rill detachment by scour is: 
Dr(x) _ qs(x) 
dc ^c •=1 (33) 
where: Dj.(x) = detachment rate by rill at x m from top of rill, g s"l m'2 
Dg = detachment capacity of flow, g s"l m"2 
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qs(x) = sediment load in flow per unit width at distance x from top, g s" 1 m" 1 
Tg = transport capacity of the flow per unit width, g s"l m"l 
The detachment rate, is the rate at which the sediment transport rate, qg(x), is 
changing with distance down the rill, x. The mathematical relationship between Df and qg 
(34) 
Substituting the above expression for Df into equation {33} gives: 
dqs(x) 
dx qs(x) 1 
w + tt' ' 
Clearing the fractions leads to: 
tct^+dcqs(x)=t<;dc 
Solving for the differential gives: 
dqs(x) r. 
_ dcj^l- —j 
Solving the above equation for D^ assuming that Tg is constant for all x and qg(0)=0, 
gives: 
Dc = -^ln(l-'-^j (35) 
Field experiments measure the total sediment load, the width of a rill and the length of 
a rill: 
qs(L)=^ (36) 
where: Qg = Total sediment transport rate of the rill, g s-1 
qs(L) = Sediment transport rate of rill per unit width at distance L from start, 
gs-lm-1 
Wf = Rill width, meters 
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If detachment is assumed to be unaffected by transport then the detachment rate, Dp 
can simply be expressed as: 
(37) 
If, however, transport rate is considered, the expression for qs(L) in equation {36} 
can be used to estimate using equation {35}: 
The above two expressions for Dj- and Dg can thus be used to calculate the rill 
detachment for a given flow and channel configuration. Under conditions where 
transported sediment is assumed to have no effect on erodibility, equation {37} can be 
used, and where it is assumed that transported sediment is reducing detachment capacity, 
equation {38} can be used. 
Estimating Transport Capacity 
In order to find Dg using equation {38}, the transport capacity, Tg, had to be 
calculated. Numerous methods have been developed to estimate rill transport capacity 
(Foster and Meyer, 1972b; Knisel,1980; Alonso, 1980; Lane et al., 1987). The preferred 
method for overland flow and shallow rill flow was found to be Yalin's model (Foster and 
Meyer, 1972b). The Yalin equation is (Knisel, 1980): 
Tc=0.635SGgpwdV*S^l -  gln( 1 + o ) j  (39} 
where: Tg = Sediment transport rate per unit width, g m" 1 s"l 
SG = Sediment specific gravity 
g = Acceleration due to gravity, m s"2 
Pw = Density of water g m"3 
d = Particle diameter, m 
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V* = Shear velocity m s'^ 
=  vg rh  se  
% = hydraulic radius, m 
Se = Energy grade line slope 
S = 1 (when Y < Ycr, 5 = 0) 
1er 
^ ~(SG - 1.0) g d 
Ycr = Critical value for sediment transport from Shield's Diagram which 
relates Y^r to the Boundary Reynold's number(BRE) 
= EXP (-2.2008-1.0642 In(BRE) + 0.2835 (ln(BRE))2. 
0.01715(ln[BRE))3 - 0.001205 (ln(BRE))4 + 0.000102(ln(BRE))5) 
(Kohl, 1987) 
V* d 
- Viscosity 
<y = A 5 
A = 2.45 (SG)-0-4 Ycr 1/2 
The gravity term in equation {39} was dropped because the desired units were in g 
m-1 s-1 instead of Yalin's original units of lb ffl s'l. Because all of the other terms are 
dimensionless, any consistent set of units can be used (Foster and Meyer, 1972b). 
For analysis of field experimental data with wide ranges of flow conditions and 
transported sediment conditions, the Yalin equation was considered too cumbersome. 
Foster and Meyer (1972a) suggested that Yalin's equation could be approximated by an 
expression in the form: 
Tc = Bt1-5 {40} 
where B is a transport coefficient that is a soil property. The shear velocity in Yalin's 
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equation, Vu, can be expressed in terms of the hydraulic shear, x : 
Substituting the above expression for shear velocity in terms of hydraulic shear into 
Yalin's equation will give approximately the relationship shown in equation {40}. 
The relationships between particle size and specific gravity, hydraulic radius, Yalin's 
transport capacity, and hydraulic shear were analyzed. Particle size and the corresponding 
specific gravity were varied over values measured in experimental data. It was assumed that 
particles greater than 63 microns in diameter were aggregates and those smaller than 63 
microns were primary particles since they had been analyzed using the pipetting technique 
(Meyer and Scott, 1983; Day, 1965) which assumed a specific gravity of 2.65 in the 
calculations. The hydraulic radius used to calculate V* in Yalin's equation was varied over 
a range of observed values (2 to 20 mm) and the subsequent changes in hydraulic shear and 
estimated transport capacity were compared. The exponent of the hydraulic shear was then 
varied to find which value gave the greatest average correlation coefficient and/or a 
transport capacity most nearly zero at zero shear. The results of this analysis are 
summarized in Table 1. 
The exponent for x of 1.5 as suggested by Foster and Meyer (1972a) did not give as 
satisfactory a fit to the data as did those values between 1.6 and 1.9. The exponent of 1.7 
gave a high correlation coefficient as well as the intercept nearest to zero for most of the 
particle sizes analyzed. 
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Table 1. Effect of the exponent, n in = B t particle diameter, d, and 
corresponding particle specific gravity SO, on the transport coeffi­
cient B, r^, and intercept, A, while varying the hydraulic radius from 
2 to 20 mm 
T3 o o or 
d=1200|xm 
sg = 1.65 
r^ 0.9999 0.9997 0.9990 0.9980 
B 66.9 52.3 40.9 31.9 
(a) -37.8 7.48 49.8 88.8 
d=300 
sg = 1.65 
r^ 0.9996 0.9987 0.9970 0.9950 
B 105 82 64.1 50 
(a) 48 120.8 188 251 
d=75 
sg = 2.15 
r2 0.9999 0.9998 0.9990 0.9980 
B 84 65 51 40 
(a) -44 13 66 115 
d=19 
sg = 2.65 
r2 0.9975 0.9990 0.9997 1.0000 
B 43 33 26 20 
(a) -88 -61 -35 -11 
d=5 
sg = 2.65 
r^ 0.9900 0.9900 0.9950 0.9970 
B 11 8 6 5 
(a) -38 -32 -25 -20 
Average 
r2 0.9974 0.9974 0.9979 0.9976 
B 61.98 48.06 37.6 29.38 
(a) 
-31.96 9.656 48.76 84.76 
Because the exponent for shear of 1.7 best estimates transport capacity calculated by 
Yalin's method, the transport capacity for analysis of the data was estimated by: 
Tc = B' T 1.7 (41) 
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The particle size distribution for eroded sediment is frequently measured in erosion 
research (Meyer and Scott, 1983). From the particle size distribution for each soil a 
weighted average, B', can be calculated 
The transport capacity estimated by Yalin's equation depends on the transporting fluid 
density and viscosity. These values vary with temperature. The effect of altering 
temperature, and subsequently viscosity and density, on the transport coefficient B' was 
evaluated. Table 2 summarizes the results of this analysis. 
Table 2: Effect of temperature on transport coeffîcient, B', for the re­
gression model of Yalin's Equation of Tg = B' Units on 
Tgingm-l s and t in N m-2 
Particle Temp, "C 
Property 5 10 15 20 25 30 
Dia SG TRANSPORT COEFFICIENT, B' 
1200 |J.m 1.65 58 56 54 52 51 50 
300 1.65 87 85 84 82 81 79 
75 2.15 60 62 64 65 66 67 
19 2.65 24 27 30 33 36 39 
5 2.65 4 5 7 8 10 11 
In summary, it has been shown that the soil detachment rate. Dp for conditions 
where there is no rainfall, can be calculated from field data by simply dividing the sediment 
transport rate by the rill length and width, equation {37}, or detachment capacity, Dg, by 
using equation {38} which includes the effect of transported sediment on rill detachment. 
The transport capacity can be estimated for each soil by noting the water temperature, and 
estimating a value of B' as a weighted average based on each soil's particle size 
distribution. 
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Estimating Rill Erosion with Interrill Sediment Being Added 
If extra sediment was added at a uniform rate to the channel from an interrill erosion 
source, this added sediment will need to be included in any rill erosion analysis. In the 
simple case, where the detachment rate is assumed to be unaffected by sediment in 
transport, the estimated interrill erosion component can be subtracted from the total 
sediment load, and the remainder is considered to be rill erosion: 
Qs - Total Plot Interrill Erosion Rate , 
UTW, («> 
In cases where the above expression is negative, the rill erosion rate can be considered to 
be zero. 
If it is assumed that sediment in transport reduces rill erosion erosion rates, then an 
analysis can be carried out similar to that done previously. The interrill sediment inflow, E, 
can be defined as: 
^ Total Plot Interrill Erosion Rate , , 
L x w r  
If the interrill eroded sediment, E, is added to the rill detachment, then the following 
expression for rill detachment capacity can be derived: 
^  Q s  K r ( T - X c )  ^  Dg = -^ln 1 {44} 
^rTc Kj. (X - tc) + E 
N / 
Because Kf and Tq are determined by a linear regression of and hydraulic shear, 
the above equation must be solved iteratively after initially estimating Kj- and XQ. Other 
regression equations based on energy terms could have also been used, as long as the 
regression estimate was sufficiently precise to allow for an estimate of the proportion of rill 
to total erosion. 
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Discussion of Calculation of Rill Detachment 
One of the assumptions made in solving the differential equation was that transport 
capacity, Tg, was constant along the rill. This assumption is not strictly valid, but it was 
felt that the accuracy would be adequate since at best, is not easily estimated, and is in 
most cases sufficientiy large that it does not greatiy alter the detachment capacity. In 
practice, Tg will vary with inflow from the interrill area. în the field experiment described 
in Chapter V, runoff flows were 2 to 3 liters per minute, whereas flows in the rill when 
detachment was occurring ranged from 7 to 40 liters per minute. The relative difference 
between the transport capacity due to rainfall runoff at the top and the bottom of the rill 
would not signiHcantly alter the results in this case. In field conditions or in simulation 
models of field conditions, however, this simplification may lead to unacceptable errors in 
prediction. 
There are two methods of estimating rill erosion rate; one that assumes that sediment 
being transported in the rill has no effect on rill erosion, and one that considers the effect of 
transport capacity on rill erosion. The first method, which does not consider any transport 
effects, is simple to use. Presentiy, however, most computer rill erosion models include a 
transport subroutine. To not include the effect of sediment in transport in the analysis of 
erosion data may be detrimental to any model in which transport is considered. 
The Yalin equation, and all other methods for estimating transport capacity are not 
particularly accurate (Alonso, 1980; Graf, 1971; and Foster and Meyer, 1972b). 
Introducing the inaccuracy of estimating the transport rate early in the data analysis may add 
more error in the analysis than is added by the assumption that detachment is unaffected by 
transport. 
When comparing the two proposed models for detachment, the model for which 
included transport was: 
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Dc = Un 1 - Qs Kr (t - tç) WrT, r^c Kf (t - Tc) + E {44} 
The non-transport model was: 
^ Qs - Total Plot Interrill Erosion Rate 
The model that better expresses the experimental rill erosion rate can be determined by 
statistical analysis and evaluation of field data. The model that better suits subsequent 
computer modeling will depend on calibration and validation techniques carried out on 
computer models as they are developed. 
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CHAPTER V. RESEARCH METHODS 
In this chapter, the procedures to compare the processes of nil erosion on a wide 
range of soils under simulated rainfall are discussed. These procedures included selecting 
the soils to study, collecting erosion data from those soils, and analyzing the data. 
Soil Selection 
During the summer of 1987, the erodibilities of eighteen soils in the western US were 
studied using artificial rainfall. This study was part of the USDA Water Erosion Prediction 
Project (WEPP) (Foster 1987). The sites were selected to represent a broad variety of 
soils, including some of those most susceptible to erosion. A wide range of textural and 
geomorphic properties were included in the study, as were soils of differing chemical and 
physical properties (Alberts et al., 1987). Appendix n contains physical, chemical, and 
erodibility (Elliot et al, 1988) properties of these soils. 
From the eighteen WEPP soils, nine were selected for detailed study of rill erosion 
processes. The selection of the nine soils was made to include as broad a textural range as 
possible. Many of the eighteen soils eroded had similar textural properties and it was 
decided that to confirm the rill erosion processes proposed, duplication of soils with similar 
properties was unnecessary. 
Several of the eighteen soils studied were eliminated from more detailed analysis 
because of problems encountered when collecting data. Soil S had eroded so deeply that a 
nonerodible layer was reached, and subsequent erosion was considerably reduced and 
uncharacteristic of the topsoil erosion. Two other soils, soil 3 and soil 16, had 
unexpectedly low erosion rates compared to similar soils, and were observed as having 
higher levels of vegetation in the rills restricting rill erosion. One clay soil, soil 4, had an 
exceptionally high antecedent moisture content compared to the other clays. Another clay, 
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soil 14, soil exhibited unexpectedly high erosion rates that may have been due to the warm, 
high sodium content water that was used for that site. 
The following summary of the nine soils analyzed in this dissertation was taken from 
Alberts et al., 1987. The numbers of each soil refer to their order of erosion during the 
summer of 1987. 
1. Shaipsburg silty clay, located in eastern Nebraska, is a fine textured loess 
derived soil. 
2. Hersh sandy loam is an aeolian sand located on the edge of the Nebraska sand 
hills. 
4. Amarillo loamy sand is an aeolian sand found on the high plains of the west 
Texas cotton growing area. This soil was also susceptible to wind erosion. 
8. Academy loam is a residual sandy loam in California's San Joaquin Valley. 
9. Los Banos clay is a vertisol on the western edge of California's San Joaquin 
Valley. (The two California soils were not described by Alberts et al. as it 
was necessary to change soil series subsequent to initial selection.) 
10. Portneuf silt loam, a volcanic loess, is found in the arid climate of Idaho's 
Snake River Valley. 
11. Walla Walla silt loam is a volcanic/alluvial loess found in the Palouse region 
of eastern Washington. 
15. Williams loam is a glacial till high in organic matter found in North Dakota. 
18. Barnes loam is a glacial till loam in western Minnesota. The erosion site was 
one on which numerous USLE and other erosion studies have been carried 
out in the past. 
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Figure 3 shows the position of each of the soils on the soils textural triangle and 
Figure 4 is a map showing the location of each of the sites. In both cases the numbers refer 
to the order in which the soils were studied. 
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Figure 3. Location of each of the soils analyzed for erodibility on the 
soil textural triangle 
Site Preparation 
Prior to the collection of erosion data, Soil Conservation Service staff carried out a 
standard soil survey analysis of all sites, including one central and four peripheral pits, for 
profile analysis and site variability studies. The site was to have been in wheat, com, some 
other row crop, or fallow during the previous year. Excess surface residue was removed 
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and the sites were deep tilled and lighdy disked three to twelve months prior to arrival for 
erosion studies (Laflen, 1987). 
15 16 
Figure 4. Location of each of the soil sites analyzed for erodibility in 
the US for the WEPP cropland erosion experiments in the 
summer of 1987 
Upon arrival, the direction of rills was determined by estimating the existing slope, 
and orienting the rills to give the desired slope. In highly erodible soils the rills were 
established at an angle to the main slope to reduce the rill slope, thereby reducing the 
erosion rates and the risk of eroding through the tilled topsoil before completion of the data 
collection. Slopes ranged from 3 to 7%. 
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Field Data Collection Techniques 
Erosion plots were set up beneath a rotating boom simulator (Laflen et al., 1987) to 
allow data to be collected on infiltration and crusting, interrill erosion, and rill erosion. 
Figure S shows the layout of the plots in relation to the slope and the simulator. 
VO (S 
Interrill Plo ; 
Rotating 
Boom with 
Nozzles 
C/3 
Wetted 
Area 
Rill 
Collection Pits 
J 
Figure 5. Layout of infiltration, interrill, and rill plots on erosion site 
The rill plots were each 9 meters long. The rills were formed in pairs with a ridging 
tool mounted on a small tractor. Field measurements subsequent to rill formation showed 
that the widths of rills were between 460 and 500 mm. Metal borders were installed at the 
top end of each rill. Metal collectors at the bottom directed runoff into 75 mm diameter pvc 
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pipes leading to collection pits. Stakes were installed along the plots at 6 meter spacing for 
measuring velocities. The depth of rills varied with soils but was in the range of200 to 
300 mm. It was assumed that the resulting side slope was sufficient to ensure that no 
intenill sediment would be deposited on the side slope, but would all be deposited in water 
flowing in the rill. 
The erosion data collection was divided into three periods: 
Period 1 : Rainfall only until flow equilibrium. 
Period 2: Rainfall plus added flow at the head of each rill. 
Period 3: Flow only added at the head of each rill. 
The rotating boom rainfall simulator with a wetted diameter of 15 m was described by 
Swanson et al. (1965). Veejet 80100 nozzles were used in the simulator to give a rainfall 
intensity of approximately 62 mm hr^. Meyer and Harmon (1979) stated that the rainfall 
energy from these nozzles was 80% that of natural rainfall. A rain gage was placed on the 
uphill side of each interrill and infiltration plot to measure the actual amount of rainfall. A 
flowmeter on the inlet hose to the simulator was also installed to note total flow rates. 
Flows were added at the top of each rill by using a pvc manifold, with oriHce sizes 
and operating pressures being varied to achieve the desired flow rate. Nominal flow rates 
were 9, 18,27, 36, and 45 liters min"l On soil 15 a flow rate of 54 liters min'l was also 
applied. Exact rill flow rates were measured by weighing the outflow from each rill 
collected over a fixed time period. 
During period 1, one flow observation was made every five minutes from the onset 
of runoff until runoff equilibrium was reached. Equilibrium was assumed to have been 
reached when there was no apparent increase in runoff for two subsequent observations. 
The time required to reach equilibrium varied from 30 to 90 minutes. 
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Once equilibrium had been reached, advance velocities of the flow in each rill were 
measured by injecting fluorescent dye at an uphill marker and noting the time required to 
reach a marker six meters downrill. 
The rainfall was then stopped, and soil strength and moisture content measurements 
were made over a period of about one hour. Strengths were measured on the rill bottoms 
and sides with a pocket penetrometer, using a 30 mm diameter foot, and a torvane shear 
strength device. Strengths were also measured on rill bottoms with a Swedish fall cone 
penetrometer. Rill cross sectional shapes were recorded using a rill meter with a camera to 
record the pin positions on color slide film. 
For period 2, rainfall was resumed until an equilibrium flow similar to that observed 
at the end of period 1 was reached. Flow was then added in the increments noted above. 
For each flow addition rate, two flow rate observations, two sediment concend'ation 
observations, and one velocity measurement were made for each rill. 
Upon completion of all of the flow addition rates, head cut observations, fall cone 
strengths, and rill meter measurements were made. 
For period 3, a final set of flows were added but with no rainfall. The same obser­
vations as made for the rainfall plus flow additions were made. Following the third period, 
torvane, penetrometer, head cut, and rill meter measurements were again recorded. 
Sediment concentrations in the rill flows were measured by collecting one liter 
discharge samples of each rill flow every time a flow measurement was made. The 
following procedure was used to calculate the concentration of sediment in the botties: 
1. Botties were wiped clean on the outside. 
2. Gross mass was observed. 
3. Sediment was allowed to settie. 
4. Excess water was siphoned out of the sample bottles. 
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5. Bottles were dried in portable ovens at 105° C. 
6. Bottles with sediment were weighed dry. 
7. Bottles were washed and dried. 
8. Tare weights of the bottles were observed. 
All bottle weights, bucket weights, and sample times were recorded for further 
analysis. 
Sediment samples from two rills were collected near the end of each period for 
aggregate size distribution analysis. In a portable laboratory, the samples were wet sieved 
through 1000,500,250,125,62 |im sieves. Some samples were also passed through a 
38 ^im sieve. The suspension from the sieving was then further analyzed using pipetting 
techniques (Day, 1965) for particle sizes (SG = 2.63) down to 4 |i.m, which required 
approximately 1 hour. 
The temperature of the eroding water was measured, and a sample was collected at 
each site and forwarded to the Soil Conservation Service soil laboratories at Lincoln, Nb., 
for quality analysis. 
Notes were made at each site describing the types of rill erosion that were observed: 
scour, headcutting, side sloughing, or slaking. It was also noted that the morphological 
nature of the eroding rill varied with sites, and these observations were recorded. 
Two cameras spaced at nine meters were mounted on a telescopic boom 16 to 17 
meters above the plots and took pictures throughout the data collecting period. These 
pictures were subsequently analyzed using photogrammetric techniques to provide rill 
slopes for each site. Further photogrammetric analysis by the Geography Department of 
The University of Georgia, Athens, Ga., may provide rill cross sectional data and water 
surface profiles for more detailed study of rill flow hydraulics (Laflen et al., 1987; Kohl et 
al., 1988). 
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Data Analysis Techniques 
All data were entered as soon as possible. Flow rates, erosion rates, and soil prop­
erty measurements were calculated on portable computers early on in the season. 
To calculate hydraulic radii, the data from the rill meter transparencies were read and 
entered into data files. The advance velocities were compared to average velocities 
measured on four sites using an influorometer (Gilley, 1987). It was noted that on soils 
that eroded vertically downward, the constant, relating average velocity to peak velocity, 
was about 0.6, whereas on sandy soils that had a high rate of side sloughing and wider, 
more shallow rills, the constant was more nearly 0.7. The measured flow rate was divided 
by each corresponding average velocity to find a flow cross sectional area. 
From the rill meter data, the depth of flow which gave the desired area was found 
using a secant search technique. The wetted perimeter, the hydraulic radius, and the 
channel width were also calculated (Kohl et al., 1988). 
The detachment rate with equation {42} and detachment capacity by iteration for each 
flow condition using equation {44} were calculated. The detachment capacities for each 
flow rate for the nine soils studied in more detail were used to determine whether 
detachment prediction could be improved with the model proposed by equation {32} 
compared to the simple shear model which was summarized in Elliot et al., 1988. 
For each of the nine soils, potential energy (equation {14}), energy loss (equation 
{17}), Reynold's number, and eroded depth for each flow condition were calculated. The 
Reynold's number in this case was (Chow, 1959); 
Re = {45} 
where: = Density of water, kg m"3 
V = Average velocity of water in the rill, m s"l 
rh = Hydraulic radius, m; andp, = Dynamic viscosity, kg m"l s"l 
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To calculate the eroded depth of a rill, it was assumed that all of the sediment trans­
ported came from the rill wetted perimeter by shear, head cutting, and slaking, or from the 
rill sides by side sloughing. Sediment transport rate from a rill, Qg, was calculated by 
multiplying the sediment concentration of the runoff water by the rill flow rate. The 
sediment transport rate multiplied by the time between each set of readings gave a net 
amount of sediment that had been detached and removed from the rill during each time 
period. The average increase in depth of the rill was calculated to be: 
Di+l=Di+ (46) 
I" Wfi Ps 
where: Dj+j = Depth of the rill at time tj+j, m 
Di = Depth of the rill at time tj, m 
Qsi = sediment transport rate at time tj, g s"l 
Ati = Time increment between readings, s 
= n+l - ti 
L = Length of rill, m 
wri = Width of rill at time tj, m 
Ps = Density of soil, g m"3 
Equation {46} does not include the effects of interrill erosion adding to the sediment 
load. However, the amount of soil from this source would not be significant at the higher 
rates of rill erosion that were measured. 
As long as the rill was eroding straight down, and not widening, equation (46) 
would be sufficient to predict increases in the depth of the rill. It was observed, however, 
that on sandy soils erosion resulted in channel widening as well as channel deepening. In 
order to calculate a depth of rill, it was first necessary to estimate the width of the rill 
channel prior to any erosion. This was done by analyzing the data from the rill meter pins. 
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An example of the cross section of a rill after the rain only period is shown 
diagrammatically in Figure 6. 
•Wrm 
Figure 6. Typical cross section of a rill between the rain only period and the rain 
plus flow period. The observed minimum bottom width, w^n, and the 
angle of repose, <|>, are shown 
As erosion begw to widen the channel, the water cutting into the sloping sides would 
increase the height of the side wall of the rill. On a rill eroding by widening as well as 
deepening, the cross section shown in Figure 6 would assume an eroded shape as shown 
in Figure 7 after a period of time. 
Wi+1 
He 
Figure 7 Cross section of a rill that has eroded by widening as well as by deep­
ening. The width observed at time = tj+j was wj+j, and Hg was the 
maximum height of the sidewall that was observed before side 
sloughing began 
The increase in depth due to a widening of the rill can be calculated using 
trigonometry as: 
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Di+l =2-wri (wri+1 - wri) tan <> {47} 
where wrf = Width of rill at time i, m 
Equations {46} and {47} can be combined to give an expression for the depth of an 
eroding rill that has exceeded the minimum width, w^n, and has had an increase in width 
during the erosion period (wrf+i > w^). The resulting equation is: 
Di+l = Di +-2slÉÎ1_ +y^(wri+i - Wji) tan <]) {48} 
L Wri Ps r 
Equation {48} will be valid until side sloughing becomes appreciable. This occurred 
when the maximum height of the vertical side walls exceeded the critical height. In order to 
estimate the critical height for each of the nine soils analyzed in detail, the maximum 
difference between two successive rill meter pins, spaced at 10 mm, was noted for each 
cross section. The amount of soil that would be detached was not as simple as had been 
postulated in Chapter II because the failure wedge was found to be from a side sloping 
surface and not a flat surface as had been previously suggested. Figure 8 shows the shape 
of a wedge that would slide into the rill once critical height (Hg) had been exceeded. 
He 
45 + (|)/2 
Figure 8. Shape of a wedge of soil on the side of a rill just prior to 
failure by side sloughing. The critical height is Hg, and the 
angle of internal shear is (|> 
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The area of the wedge in Figure 8 was found to be a linear function of the eroded 
depth squared (for > Hq). The effect of detached soil added to the rill from side 
sloughing would be to decrease the overall depth. The final form of the depth equation was 
calculated to be: 
Di+,. Di + rig (W+l - - K* DiZ) (49) 
Of the three terms that increase depth in equation {49}, only the first term was used 
until Wri exceeded the initial width, w^n, during the rain plus flow period; or wrf exceeded 
the final rill width from the preceding period in the flow only period. The third term was 
used when D| exceeded the estimated critical height, 
The K(j) factor in equation {49}, which relates the eroded depth, to the cross sectional 
area was found to be: 
K^ = 2 sin(^45 - ^jcos^45 - ^ {50} 
In order to estimate w^m and (j>, the rill meter pin files were studied for each soil after 
the rain only period, and an average value for each parameter was calculated for each soil. 
To estimate Hg, the rill meter pin files were studied for the after rain plus flow period and 
the after flow only period. The maximum heights noted in each slide were recorded and 
averaged. The results for maximum height, w^n, and <|) are summarized in Chapter VI. 
The parameters listed in Table 3 were calculated and uploaded into the university main 
frame computer. The size of the complete data set was 1127 observations from the nine 
soils. The data were analyzed using standard SAS linear regression and general linear 
model methods (Hinz, 1988; SAS Institute Inc., 1982). 
53 
Table 3. Parameters employed for detailed analysis of rill erodibility relation­
ships on nine soils 
Property Variable Units 
Name 
Soil number Soil 
Rill number Rill 
Rain or No rain condition (1 or 0) Rain 
Nominal flow addition Flow galmin-1 
Hydraulic shear Tau N m"2 
Channel width Width cm 
Detachment capacity Dme g min'l N"1 
Eroded depth Deptii cm 
calculated by equation (44} 
Potential energy EP N s-1 m-1 
calculated by equation {15} 
Kinetic energy ER N s"l m"l 
shown in equation {18} 
Energy loss EL N s"l m"l 
calculated by equation {18} 
Reynold's number Re 
calculated in equation {40} 
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CHAPTER VI. RESULTS AND DISCUSSION 
In this chapter, the results that meet the objectives to compare the processes of rill 
erosion on a wide range of soils under simulated rainfall, and to relate the constants in the 
rill erosion model to commonly or easily measured soil properties are presented. 
Sources of Variation of Detachment Capacity 
The data for the nine soils receiving detailed statistical analyses were first studied 
using a general linear model (SAS Institute Inc., 1982 pp 139-200) to generate the analysis 
of variance given in Table 4, and the mean detachment capacities for the rills and soils are 
given in Table 5. Flow is referring to the nominal flow rate additions as discussed in 
Chapter V, and not die measured flow rates. 
Table 4. Analysis of variance of detachment capacity, Dg, using Type I 
Sums of Squares, and bold interactions for error terms 
Source DF Type m SS F Value PR>F 
Soil 8 534,869 33.98 0.0001 
Rill 5 5,466 0.56 0.7331 
So:I*RilI 40 78,699 
Rain 1 12,112 17.68 0.0001 
Soil*Rain 8 81,885 14.94 0.0001 
Ra!n*Rill(Soil) 45 30,828 
Flow 1 '526,805 615.32 0.0001 
Flow*Soil 8 129,654 18.93 0.0001 
Flow*Rill(SoiI) 45 38,537 
Flow*Rain 1 38,531 74.26 0.0001 
Flow*Rain*Soil 8 73,786 17.78 0.0001 
Flow*Raln*Rill(Soil) 45 23,350 
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From Table 4 it can be seen that there were significant differences in detachment 
capacity between soils, and rain condition. The largest source of variation was from the 
Flow with a significant linear effect on detachment capacity. The large Soil*Rain, 
Flow*Soil, and Rain*Flow*Soil interactions confirmed that soils do have different 
erodibility properties, and the significant Rain*Flow interaction shows that in general rill 
erosion by flow is different when it is raining firom when it is not. 
Table 5. Average detachment capacity, Dg, in g s"l m"2 for 5 or 6 flow 
conditions for the nine soils each with six rills 
Soil Rill Mean 
1 2 3 4 5 6 
1 9.1 10.9 10.4 12.1 7.1 9.3 9.8 
2 57.5 40.5 31.2 41.0 34.1 27.2 38.7 
4 66.2 44.4 9.8 45.7 37.0 41.3 40.7 
8 6.1 7.9 12.3 7.9 23.0 21.1 13.1 
9 1.2 1.3 2.1 0.6 0.9 1.0 1.2 
10 37.8 31.2 33.4 41.9 39.9 29.9 35.7 
11 69.2 93.4 94.7 66.7 78.5 58.5 76.8 
15 4.1 10.7 9.9 8.1 9.7 10.0 8.7 
18 34.2 31.2 35.9 16.0 15.9 26.0 26.6 
Mean 31.0 29.4 26.4 26.3 26.7 24.5 27.9 
Standard error = 14.04 for Soil*Rill. 5.67 for Soil, and 4.58 for Rill. 
The means given in Table 5 show that the clay soils, 1 and 9, and the loam soils, 8 
and 15 had the lowest detachment capacities, while the alluvial and volcanic loess soil, soil 
11 had the highest detachment capacity. The sands and other loams had intermediate 
detachment rates. 
Rills 1 and 2 had slightly higher detachment capacities than did the other rills. These 
two rills were further from the simulator than were the others (see Figure 5) and may have 
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experienced differences due to the difference in sweep of the rainfall simulator at this 
further distance. The differences, however, were not consistent and were not statistically 
signifîcant. 
The mean detachment capacity for rain and no rain conditions for the nine soils are 
summarized in Table 6. The significant rain*soil interaction confirmed that not all soils 
respond in the same way to the presence of rainfall. Two possible reasons that explain 
these differences are the effect of rainfall in the moisture tension of the sides of the rills, 
and the effect of rainfall on the detachment capacity of eroding water. It can be seen that 
the main difference between rain and no rain was on the highly erosive loess, soil 11, 
although four of the nine soUs had higher detachment capacities during the rain condition, 
three were little different between the two conditions, and only two had greater detachment 
capacities during the no rain condition. 
Table 6. Average detachment capacity, D^, in g s"l m-2 for 
rain or no rain conditions on nine soils 
Soil Rain Mean 
None 62mmhrl 
1 8.9 10.6 9.8 
2 31.1 45.7 38.4 
4 37.3 44.4 40.9 
8 13.1 13.0 13.1 
9 1.3 1.0 1.2 
10 39.9 31.8 35.9 
11 50.3 102.9 76.8 
15 8.3 9.2 8.8 
18 29.9 23.3 26.6 
Mean 24.5 31.3 27.9 
S. E. = 3.37 for Rain*Soil. 2.50 for Soil, and 2.02 for Rain. 
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The effect of rainfall on moisture tension and subsequently soil strength can be seen 
on a silt soil like number 11, where all of the apparent cohesion is from moisture tension 
(Mickle, 1986; Lambe and Whitman, 1969). The addition of rainfall lowered the moisture 
tension of the side walls, resulting in increased side sloughing, and greater rill detachment 
rates were observed. 
On the sandy soils, there was no difference in detachment capacity for soil 8, whereas 
the other sands, soils 2 and 4, showed greater detachment capacity under rain than when 
dry. This difference between sands may be because soil 8, a California sandy loam, was 
much drier at the start of the experiment (MC = 0.01), and even though rain was being 
applied at over 60 mm h"l, the tension within the soil was great enough under rainfall 
conditions to cause the soil to resist detachment. Electron micrographs of these sands were 
compared and it was observed that the grains were much rougher for soil 8 than for soils 2 
and 4 which had been worn smooth. The rougher grain shape would give soil 8 a greater 
resistance to erosion in aU conditions. The rills on soils 2 and 4 were observed to be 
braided (see page 87) during rainfall conditions, and meandering during no rain conditions. 
Braiding would indicate a much higher sediment load during rainfall due to weaker channel 
sides, as can be characteristic of braided channel conditions (Ritter, 1986). The braiding of 
the channel was less apparent on soil 8. 
The small differences between rain and no rain conditions for the clay soils, 1 and 9 
were due to the low detachment capacities minimizing any rainfall effects. 
On soil 10, a dry, collapsible volcanic loess, it was observed that the detachment rate 
was higher during the dry condition than in the rain condition. This reason for this contra­
diction may be explained by studying the calculated average widths of the rills summarized 
in Table 7. Detachment capacity is calculated on an area basis, and it can be seen that the 
channel was about 20% wider during the rain condition than during the no rain condition. 
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This was due to the weaker sidewalls collapsing during the rain condition, but not during 
the no rain condition. This means that even though the total erosion was observed to be 
less for the no rain condition, the detachment capacity per square meter was greater because 
of the reduced channel area. 
Table 7. Average channel width in cm for rain or no rain 
conditions on nine soils 
Soil 
None 
Rain 
62mmhrl 
Mean 
1 9.9 11.0 10.5 
2 15.7 15.8 15.8 
4 11.3 12.1 11.7 
8 12.4 12.0 12.2 
9 12.6 12.8 12.7 
10 8.5 10.5 9.5 
11 7.7 8.8 8.2 
15 11.8 15.1 13.4 
18 8.8 10.1 9.4 
Mean 10.9 12.0 11.4 
S. E. = 0.42 for Rain*Soil, 0.36 for Soil, and 0.17 for Rain. 
The reason why the no rain condition had a greater detachment capacity than the rain 
condition for soil 18 is most likely due to the narrower width of channel as was observed 
for soil 10. Another explanation may be found by comparing the velocities for the rain and 
no rain conditions in Table 8. The average velocity difference for soil 18 is greater than for 
the other soils. The lower velocity for the no rain condition for soil 18 reflected the slightly 
lower flows, and may also reflect the roughness of the eroded channel (Nearing, 1988). 
During rain, interrill sediment deposited in the rill would tend to ensure a smooth channel 
bottom. During the no rain condition, it may be possible that because of the aggregate 
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strength on this high organic soil, a roughened channel bed of eroding aggregates also 
contributed to the higher erosion rates during the no rain condition 
Table 8. Average velocities in m s' ^ for rain and no rain 
conditions on nine soils 
Soil Rain Mean 
None 62 mm hr'l 
1 0.230 0.255 0.243 
2 0.242 0.263 0.253 
4 0.309 0.312 0.311 
8 0.304 0.287 0.295 
9 0.192 0.172 0.182 
10 0.244 0.244 0.244 
11 0.266 0.277 0.272 
15 0.236 0.236 0.236 
18 0.275 0.321 0.299 
Mean 0.255 0.262 0.259 
S. E. = 0.006 for Rain*Soil, 0.004 for Soil, and 0.002 for Rain. 
Detachment Capacity and Rill Flow Properties 
The Flow, Flow*Soil, and Flow*Rain sources were all significant (Table 4) in 
contributing to the variation in detachment capacity. The Flow*Soil interaction indicated 
that the slopes of regression lines of detachment capacity and some flow parameter were 
different for different soils. 
To establish the relationship between detachment capacity and rill flow properties, the 
data from nine soils were analyzed by individual rills in each soil using linear regression. 
In particular, the coefficients of determination (r^) were compared and it was observed that 
for single variable models, potential energy and energy loss had the highest r^ with littie 
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difference between the two energies. Energy was followed by Reynold's number in 
magnitude of r^. Reynold's number appeared to better suit the clay soils while energy 
suited the nonclay soils. 
In Chapter n, relationship {22} had suggested that Reynold's number and energy 
forms of expressing flow would give similar results. Hydraulic shear r^'s were about 10% 
lower than energy or Reynold's number models, and the poorest r^'s were from 
detachment capacity versus rill velocity. As had been suggested in Chapter H, the shear 
model lacks a velocity component, and velocity lacks a depth component that are both 
included in flow energy or in Reynold's number descriptions of the flow. 
There is no suitable method of using regression techniques alone to determine 
whether the calculated differences in r^ were significantly different, or just due to random 
variation (Hinz, 1988). In order to determine whether one variable better predicted erosion 
than another, when those two variables were not independent, a general linear model (Proc 
GLM) analysis was used (Hinz, 1988; SAS Institute Inc., 1982). The output from the 
general linear model contained Type I and Type HI sums of squares (SS). The type ISS, 
also called the sequential SS, showed the incremental improvement in the error SS for each 
variable added to the model (SAS Institute Inc., 1982, p 163). In other words, if the 
PROC GLM command was given in the form: 
PROC GLM; CLASS Rill; 
MODEL Dg = Energy Re; 
The type I test showed if Reynold's number improved the fit of the model because the 
Reynold's number contained information about the detachment capacity that was not 
already accounted for by the energy. 
By reversing the order of energy and Reynold's number in the MODEL statement, it 
was possible to determine if energy could add information not accounted for by Reynold's 
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number. This procedure of comparing pairs of independent variables to And which vari­
ables better describe the differences observed in the detachment capacity was carried out for 
velocity (V), hydraulic shear (t), potential energy (Ep), and Reynold's number(R@). The 
results of this statistical study are summarized in Table 9. 
The results summarized in Table 9 indicate that for seven of the nine soils, potential 
energy best explained the variation in detachment capacity. For soil 11, Reynold's number 
added additional information to describe the variation, and for soils 1 and 4, Reynold's 
number was slightly better in describing for the variation in detachment capacity. 
Table 9. Summary of Type I Sums of Squares Analysis for detachment 
capacity with the rill flow parameters: Potential Energy, Ep, 
Reynold's Number, R@, Hydraulic Shear, t, and rill flow average 
velocity, V as independent variables for Rain conditions only 
Soil Parameter 
best 
explaining 
Variation 
(r2)a 
Additional 
Parameter 
that will explain 
variation 
Parameters 
that least and next 
to least explains 
Variation 
1 Re 0.71 None V.x 
2 Ep 0.81 None V,x 
4 Re 0.54 None x,V 
8 Ep 0.52 None V,T 
9 Ep 0.44 None V,t 
10 Ep 0.76 None V,x 
11 Ep 0.84 Re V,x 
15 Ep 0.73 None V,x 
18 Ep 0.78 None V,x 
^The r2 values are for all six rills combined for a single soil analysis. 
From the results summarized in Table 9, it was concluded that hydraulic shear was 
not the best independent variable. Either flow potential energy or Reynold's number better 
described the detachment capacity. As Meyer et al. (1975) had found, if the rill erosion 
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process was modeled in an energy form, it was not possible to discern separate terms for 
shear and headcutting detachment without further field observations. The detachment from 
these two sources can be modelled by a single energy term. Thus the headcutting and 
scour equations for energy and shear contributions postulated in equations (31} and {32} 
were combined into a single energy term. The statistical analysis indicated that in no cases 
did shear give any improvement in the variation described by potential energy for 
detachment capacity. 
Because energy better described detachment capacity than did shear, Reynold's 
number, or velocity, the relationship between energy and detachment was studied in greater 
detail on the nine selected soils. Equation {3} (Meyer and Wischmeier, 1969) had 
suggested that rill detachment could be better modeled by considering the energy term to 
the 2/3 power, which, according to Meyer and Wischmeier, was the equivalent of 
considering hydraulic shear. To test this theory, a general linear model were used to 
compare the coefficients of determination (r^'s) and F statistics for Ep, Ep2/3, and Ep + 
Ep2. The result was that in all cases, the linear model of Ep was superior to Ep2/3, and 
only in three conditions (aU with no rain) did the addition of the Ep2 term improve the 
model in the type H test. Hence it was concluded that the linear model relating Ep to 
detachment capacity provided the best overall prediction model. 
If only energy is being considered, the linear model relating detachment capacity to 
energy can be written in two ways: 
Dc ~ ^ (Ep - Epg) {51}, 
and 
Dg = A + Kg Ep (52). 
Equation (51} is in the same form as equation (8} discussed previously, where Epg 
could be considered a "critical potential energy" below which no erosion occurs. Equation 
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(52} expresses the regression constant independent of the potential energy. Since this 
constant contains all of the error from the model and not just a soil property, the form of 
equation {52} is more statistically correct, although conceptually less intuitively pleasing. 
Figure 9 shows the relationship between the variables and the coefficients noted in the two 
equations. 
The calculated coefficients for equations {51} and {52} are summarized in Table 10. 
The probability that A was different from zero is also noted in Table 10. There was a 
negative intercept. A, in all cases except the soil 11 no rain condition. In this case, as with 
other small negative intercept cases, the intercept was not significantly different from zero. 
The significant Flow parameter in Table 4 analysis of variance indicated that the 
slope of the regression lines relating detachment capacity to flow was significantly 
different from zero. In separate analysis for all nine of the soils listed in Table 10, the 
slopes (Kg) relating detachment capacity to potential energy is significantly (Pr > F = 
0.0001) different from zero. 
POTENTIAL ENERGY 
CRITICAL ENERGY, Epc 
INTERCEPT 
Figure 9. The relationship between detachment capacity, Dg, 
potential energy, Ep, critical energy, Epg, soil erodibility, 
Kg, and vertical intercept, A 
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Table 10. Coefficients for the rill erosion model: D(. = A + Kg Ep 
and for Dç = Kg (Ep - Epg) for nine soils 
Soil Rain^ Coefficients r2 
A Keb Eoc 
1 0 -4.48** 7.56 0.59 0.78 
1 -3.21 * 8.15 0.39 0.65 
2 0 -7.16 * 23.21 0.31 0.73 
1 -12.21** 32.76 0.37 0.81 
4 0 -25.46** 56.91 0.45 0.73 
1 -6.38 38.68 0.16 0.70 
8 0 -5.32** 19.23 0.28 0.84 
1 -5.14 * 17.38 0.30 0.53 
9 0 -0.42 1.90 0.22 0.23 
1 -0.32 6.80 0.05 0.44 
10 0 -4.89 21.35 0.23 0.71 
1 -8.70** 23.03 0.38 0.76 
11 0 7.23 15.65 -0.46 0.71 
1 -47.40** 61.45 0.77 0.84 
15 0 -1.23 7.90 0.16 0.77 
1 -5.57** 14.67 0.38 0.73 
18 0 -17.74** 18.10 0.98 0.85 
1 -21.23** 17.19 1.23 0.78 
All 0 -4.02** 16.90 0.24 0.54 
soils 1 -22.62** 33.37 0.68 0.53 
% = no rain condition; 1 = rain condition. 
bin all cases Kg was significantly different from zero. 
*= significantly different from zero at 0.05 
**= significantly different from zero at 0.01. 
The significant (Pr > F = 0.0001) Flow*Rain interaction in Table 4, showed that the 
slopes of the detachment versus flow curves for rain and no rain conditions were 
significantly different. The slope of detachment capacity versus potential energy for the 
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rain condition was almost double the slope for the no rain condition. This confirmed what 
was postulated in Chapter H, that under rainfall conditions, there will be lower soil 
moisture tensions in the side walls of eroding rills, leading to lower side wall strengths 
and higher rates of detachment. 
The coefficients of determination (r^) noted in Table 10 are generally satisfactory, 
except for soil 9, an erosion resistant clay soil. Even for this soil, however, the general 
linear model solution for the detachment capacity data showed that potential energy was 
highly significant (Pr > F = 0.0001) in describing the observed variation in detachment 
capacity. 
The significant (Pr > F = 0.0001) Flow*Soil interaction in Table 4 confirmed that 
the values for Kg in Table 10 are significantiy different between soils. In order to relate 
the erodibility coefficients in Table 10, to measurable soil properties, a correlation analysis 
was carried out to relate Kg and Epg for die rain condition to soil properties. The soil 
properties are listed for all eighteen soils in Appendix II. A summary of the correlation 
coefficients for Kg and Ep^ is presented in Table 11. 
The correlation of Kg with measurable soil properties as summarized in Table 11 
showed that soils with high specific surfaces were the most resistant to erosion. Specific 
surface is highly correlated to clay, organic matter, and cation exchange capacity (Horton, 
1987; Cihacek and Bremner, 1979), and a negative correlation was expected. Correlation 
was also high between Kg and torvane reading. The torvane reading measured the 
cohesive strength of a soil, and, under the nearly saturated conditions of the rill bottom, it 
was expected that soils with greater strengths would be less erodible. Wischmeier's M 
was positively correlated and bulk density negatively correlated to detachment as predicted 
in Chapter III. 
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Table 11. Pearson's conelation coefficients relating rill erodibility 
coefficients in the equation Dq = Kg (Ep - Epg) to 
measurable soil properties for the rain condition 
Soil Properties Correlation Coefficients 
Ke Eoc 
Sand content 0.203 -0.089 
Silt content 0.165 0.261 
Clay content -0.673 -0.227 
Cation exchange capacity -0.557 -0.071 
Deptii of A horizon -0.340 -0.172 
Organic carbon -0.331 0.509 
Water content at 1/3 bar 0.031 0.281 
Wischmeier's M 0.626 0.299 
Initial moisture content -0.055 0.202 
Bulk density 0.594 -0.080 
Specific surface -0.705 -0.211 
Torvane reading -0.691 -0.064 
Eroding water 
Sodium content -0.128 -0.277 
Temperature -0.216 0.038 
Ke 1.000 0.228 
Epc 0.228 1.000 
A stepwise linear regression was carried out to see which property was selected as 
the second most important soil property in predicting Kg. The resulting regression 
equations for 1,2, and 3 properties are summarized in Table 12. 
Table 12 shows that the specific surface is the most important soil property, and can 
explain half of the variation observed in Kg. An increase in specific surface is associated 
with a decrease in erodibility of a soil. If a second property is added, in this case the 
water content of the soil measured at 1/3 bar moisture tension, then three fourths of the 
variation in Kg is explained. The water content at 1/3 bar reflects the soil's textural 
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makeup, the organic matter levels, and the matric potential effects on soil strength (Hillel, 
1982). 
Table 12. Results of stepwise linear regression relating potential 
energy erosion coefficient, Kg, to measurable soil 
properties for nine soils for the rain condition 
No. of 
1 0.50 39.8 -0.207 
2 0.75 23.3 -0.306 1.14 
3 0.97 8.09 -58.5 0.71 0.65 
Caution must be used when attempting to specify a three term linear model from only 
nine sets of data. From nine sets of data, only a one or two term model are expected to be 
be statistically valid, additional regression coefHcients can be nonsense (Hinz, 1988). The 
three term model is included for discussion only, and it would not be recommended to use 
this many terms unless more soils were included in the analysis. If three terms are desired, 
then the stepwise program selected three different variables to predict K@: the rill bottom 
strength as measured by the vane shear device, Wischmeier's M, and the temperature of the 
eroding water. The decrease in erodibility with increased strength, the increase in 
erodibility with increasing M, and the increase in erodibility with increasing temperatures of 
eroding fluid, all confirm observations made by others as discussed in Chapter TU. 
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Critical Energy, Epc 
The lack of correlation between critical energy, Epg, and soil properties shows the 
complexity of this term. Epc is not a true critical energy term, but rather a constant that 
reflects the error in the energy model for rill detachment. Hence it will be affected by many 
factors, and to better define Epg, further experimental work with fewer variables than were 
used in this experiment will be necessary. 
Critical Energy, Epc 
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Figure 10. Value of critical energy, Epc, from regression results versus Kg, the 
slope of the detachment capacity, Dg, versus potential energy, Ep, for 
nine soils, with and without rainfall 
When considering energy only as the source of erosion, intuitively Ep^ would be 
expected to be lower for a more erodible soil with a large Kg, and higher for a soil of 
higher erodibiiity. This was not the case, however, for many soils when the data were 
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examined. The more erosive soils with larger Kg values often had larger Epg values. 
Figure 10 shows the relationship between the Kg and Epg coefficients shown in Table 9. 
When considering the critical potential energies on soils of high clay content, it had 
been predicted in Chapter H that soils with very low initial or antecedent moisture contents, 
and soils with higher moisture contents would both be more easily eroded. Data analysis 
on four clay soils (Numbers 1,6,9, and 14) confirmed this prediction and Figure 11 
shows the effect of initial soil moisture content on critical potential energy, while Figure 12 
shows the effect of initial moisture content on the intercept, A, of the detachment capacity 
versus shear regression line. 
a 0.5' 
0.05 0.10 0.15 
Initial Moisture Content 
Figure 11. Critical shear versus initial moisture content for the clay soils only 
In both Figure 11 and Figure 12 it is seen that for these clay soils, detachment 
capacity can occur at lower flow energies for dry clays than for clays with higher initial 
moisture contents. This experiment was not designed specifically to measure the effect of 
initial moisture content, but from these observations, initial moisture content would be a 
significant factor in determining the intercept or critical potential energy (or critical shear) 
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for clay soils. The veiy high moisture content, as predicted in Chapter HI, led to a lower 
intercept value because of lower soil moisture tensions and less stable aggregates (Francis, 
1981). Further work under controlled laboratory conditions would be necessary to 
quantify the specific relationships between initial moisture content and critical energy. 
Initial Moisture Content, MC 
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Figure 12: Intercept of detachment capacity axis. A, versus initial moisture content 
for the clay soils only 
When considering the intercept, a stepwise linear regression was carried out to relate 
the intercept. A, for the nine soils being studied in detail, and the results are summarized in 
Table 13. 
Table 13. Results of stepwise linear regression relating potential energy 
erosion intercept. A, to measurable soil properties for nine 
soils for the rain condition 
No. of 
Terms r2 Intercept M Silt Vane Temp 
1 0.51 -13.5 0.57 
2 0.71 12.4 0.55 -45.7 
3 0.78 0.96 0.62 -55.9 0.7 
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The coefficients of determination (r^'s) are not as high in Table 13 as in Table 12. 
This is because the intercept contains the error of the model that is not accounted for by the 
potential energy of the eroding water. The one variable model in Table 13 suggests that 
Wischmeier's M is the single most important term. The proposed positive value on the M 
coefficient, however does not suit the fact that the soil with the highest M, soil 11, has in 
fact a much lower M value than the observed intercept. Generally lower M soils are higher 
in clay content and have a smaller intercept For these reasons, it would not be advisable to 
use this simple model to estimate the intercept, A. The positive sign on M, however, may 
be reflecting the overall effect that M has on erodibility. Soils with large M's are generally 
more erodible (Wischmeier and Smith, 1978). 
The two variable model in Table 13 has dropped M altogether and considers the vane 
shear device reading and silt as the two most important properties in determining the 
intercept, A. The large negative coefficient suggested for the vane shear reading could lead 
to instability in the model, however, as minor variations in the vane shear device reading 
would lead to major differences in the predicted intercept. The discussion above referring 
to the unexpected positive sign on M, also applies to the positive sign predicted for the silt 
content As with the one variable model, it is unlikely that this model would be 
recommended to estimate the intercept term. 
The three term prediction model added the temperature of the eroding water as a 
positive term. With only nine sets of data the validity of the third term is questionable. The 
sign on the term is positive, and water temperature has been found to be positively 
correlated with detachment (Kandiah, 1974). 
Because of the low r^'s of the intercept model, the prediction of the critical potential 
energy, Epg, by measurable soil properties was studied with the stepwise function. Table 
14 summarizes the results of this analysis. 
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In Table 14, the prediction of a critical potential energy, Epg, from measurable soil 
properties is more satisfactory than the prediction of the intercept, A, in Table 13. The one 
term model has a very low r^ and would not be satisfactory. It does, however, show a 
positive correlation between organic carbon andEp^, which would be expected from the 
soil structural stability increase associated with increased organic matter content. 
Table 14. Results of stepwise linear regression relating critical 
potential energy, Ep^, to measurable soil properties for 
nine soils for the rain condition 
No. of 
Terms r2 Intercept OM Clay Na 
1 0.26 0.16 0.26 
2 0.85 0.27 0.62 -0.026 
3 0.94 0.33 0.63 -0.025 -0.018 
The two variable prediction of Epg adds clay content The negative sign on clay con­
tent may be due to the slaking affect or the lower flow potential energy erodibility coeffic­
ient value, Kg, of clays, that was found to decrease the value of Ep^. The r^ of this model 
(0.85) is a large improvement over the single variable model, and is also much more satis­
factory than the r2 found for the two variable model (0.71) for intercept. A, in Table 13. 
The three variable model adds the sodium content of the eroding water to the terms 
with a negative sign. This may just be a statistical anomaly and cany no meaning, or it 
may reflect the fact that more sodic water caused the clay aggregates to disperse (Hillel, 
1982). The sign would be in contrast however to the work of Sargunam (1973). 
In comparing the two prediction models for the constant, using two variables, the 
model for the "critical energy" is intuitively more pleasing and statistically a better 
prediction model than the intercept model. 
73 
Eroded Depth 
Thus far, the sources of rill detachment have only considered the shear, headcutting, 
and slaking terms set out in equation {32}. The second and third terms both depend on 
flow conditions, and can be combined into a single energy term, with no improvement in fit 
by including a shear as well as the energy term. The moisture content term from tiie data 
gathered for this experiment should be included in the constant term since each soil was 
studied at only one moisture content The constant term will also contain the "critical 
energy" term. 
Df = Constant + Kj x (Q) (s) + Kj (MC) 
•^(((constant + Kft + ^(Q) (s) + Kj (MC)j I Vps J I32l 
This means that for this study equation {32} can be simplified to: 
Dr = Constant +"^(Q) (s) +^|^^^Constant + ^ (Q) (s) j t )/Ps JF (53) 
In order to find Kg, it was necessary to calculate the depth of the eroded rill from the 
field data as described in Chapter V. The average initial width (w^n) of each channel was 
estimated from the rill meter data for all six rill meter pictures from the photograph taken 
after the rain only period (see Figure 6). An estimate was made for critical height, as 
shown in Figuie 7, by noting the maximum change in height for a 10 mm change in widtii 
on the rill meter slides, for the after rain plus flow and after flow only periods, for the nine 
soils being analyzed in detail. The side slopes of the rills observed in the after rain only rill 
meter data (Figure 6) were used to calculate (]). The results of this estimate for side slopes 
were compared to an estimate based on clay content as given in Lambe and Whitman, 
1969. A result of the rill shape observations are summarized in Table 15. 
The values for Wnn in Table 15 are lower for the silt and loam soils than for the clays 
and sands. The clays tended to have a low erosion rate, and so no definite channel was 
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formed during the rain only period. The sands, soils 2 and 4 tended to form wide flat 
channels, even at low flow rates, which is reflected in the higher Wfm's observed. The silt 
soils, soils 10 and 11, however, tended to cut deeper narrow channels resulting in the 
lower widths. 
Table 15. Measured and predicted rill shape properties for nine soil 
Soil % Clay Wrm He 4»° 4»' 
Content cm cm Measured Predii 
1 41 6.7 3.19 32.4 20 
2 10 12.0 4.93 32.7 32 
4 6 10.3 3.50 35.4 34 
8 8 6.2 2.38 31.6 33 
9 43 8.8 1.76 33.9 19 
10 12 7.3 4.40 30.8 31 
11 11 4.8 7.57 34.0 30 
15 26 12.3 4.08 30.5 26 
18 17 6.2 3.27 33.1 29 
The observed values for critical height need to be interpreted in the context of the 
observed widths. The silt soils, 10 and 11, had generally the greatest values for Hg, and 
with the narrower channels, this height would be a result of erosion by shear and 
headcutting. The sandy soils, 2 and 4, had the next highest values, but the wide channel 
widths would indicate that this depth was due to the widening of the rill. The clay soils, 1 
and 9, with their low erosion rates had low values of observed critical heights. It is 
unlikely that the critical height was ever reached on these cohesive, low erodibility soils. 
The heights observed on the clay soil were due to stable clods in the rill sidewalls. 
The measured angles of repose were almost identical to those predicted by Lambe and 
Whitman (1969) for sand and silt soils, but were much greater for clays. This was 
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probably because under the field conditions of very low mechanical loading, the mechanical 
behavior of clays was determined by the aggregates and not the clay particles. The aggre­
gate size distribution analysis on both soils 1 and 9 showed that over 90% of the eroded 
sediment was larger than 4 microns in diameter, which, in a clay soil, would be mainly ag­
gregates. Thus it can be concluded that for erosion mechanics, a clay soil can be consid­
ered to have an internal angle of shear more nearly like that of a sand because the aggre­
gates are more of an influence on the angle of internal friction than are the textural particles. 
The observations recorded in Table 15 were used in equations {49} and (50) to 
calculate the eroded depth for each flow condition. To validate the results of the depth 
algorithm, the results of the soil average depths measured after the rain plus flow period are 
compared to those calculated for the same period in Table 16. The observed depths are 
calculated from the maximum difference in elevation observed between two rill meter pins 
spaced at 10 mm. The values in Table 16 are the average depths from twelve observations 
(six rills, two sides for each soil). 
From Table 16 it can be seen that for five of thfe soils, the calculated depth was less 
than the observed maximum depth that was used to calculate Hg. This was expected, since 
the maximum depth had been to ensure that a critical height estimate could be obtained. An 
average calculated height would be less than this maximum value. The maximum observed 
height was also due to root clumps or clods which were frequently observed along the rill 
sides during the data collection. 
There were three soils where the calculated depth exceeded the actual depth. One of 
these soils, soils 4, was a sandy soil that had considerable side sloughing occurring, 
which, even though considered in the model, was not easy to predict precisely. A second 
soil in which the depth was overpredicted was soil 11, a highly erodible loess. With the 
deep erosion in this soil it may have better to consider the eroded depth over a space of two 
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rill meter pins as the eroded sidewalls were seldom perfectly vertical. The third soil for 
which the predicted depth exceeded the observed depth was soil 18. The average width, 
and initial width, w^n» for this soil were both lower than for most soils. It may be that the 
actual channel widths were greater than were suggested by the rill meter cross sections, and 
that the eroded sediment should have been spread over a larger area which would lead to a 
smaller calculated depth. 
Table 16. Measured and predicted average rill depth at the 
end of the rain plus flow period 
Soil Depth, cm 
Observed Predicted 
1 2.7 1.7 
2 3.3 3.4 
4 4.1 4.7 
8 2.5 1.7 
9 2.5 .5 
10 3.1 2.3 
11 5.6 7.2 
15 2.6 1.3 
18 1.8 2.2 
Mean 3.1 2.7 
The predicted depths were considered sufficiently accurate to estimate the actual depth 
for the purposes of the proposed model during the rain plus flow period. With the flow 
only prediction, on soils in which wide shallow rills had been formed during the rain plus 
flow period the channel tended to meander during the following flow only period. The 
accumulated depths from the previous period would not necessarily be added to the depth 
of channel during the initial low flows of the flow only period. Because of these 
77 
observations, the effect of depth on detachment was analyzed for the rain plus flow period 
only. 
The depths for each flow condition were squared in the SAS program. A general 
linear model was used to generate the analysis of variance table for the rain condition 
shown in Table 17. 
Table 17. Analysis of variance of detachment capacity for 
rain only condition using Type ISS, including 
Depth^ as a covariant Bold faced interactions are 
the error terms 
Source df Type I SS F Value PR>F 
Soil 8 476,737 36.04 0.0001 
Rill 5 5,701 0.69 0.6343 
Soil^Rill 40 66,143 
Ep 1 490,351 466.42 0.0001 
Ep*Soil 8 152,908 18.18 0.0001 
Ep*RiIl(Soil) 45 47,309 
Depth^ 1 4,538 11.66 0.0014 
Depth2*Soil 8 3,406 1.09 0.3847 
Depth2*Rill(SoiI) 45 17,501 
Table 17 shows that the overall effect of Depth^ explains variations in detachment 
capacity, while the interaction with soil indicates that there are no differences between soils. 
The significant effect of Depth^ on detachment was expected since both values are 
calculated from the same sediment transport rate. Since there were no differences between 
soils, any further analysis on the Depth^ term must be treated with caution. 
A second general linear model was used with Depth^ as a covariant, that is the first 
term in the MODEL statement, for each soil. Type I SS were then be interpreted to see if 
the Depth^ term added any further explanation to the model, and whether the coefficients 
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calculated were different from zero. The results of the analysis are summarized in Table 18 
for the model: 
Dc = A + BDepth2 + CEp {54} 
Table 18. Coef^cients for the rill erosion model: 
Dg = A + B Depth^ + C Ep for nine soils for 
the rain condition 
Soil Coefficients r2 
A B C 
1 -2.04 1.31 * 6.77** 0.69 
2 -10.42* 0.53 30.80** 0.81 
4 1.46 1.27** 25.69** 0.76 
8 -3.73 2.04** 13.88** 0.61 
9 -0.24 3.04* 1.09** 0.49 
10 -2.67 6.08** 14.89** 0.85 
11 -38.95** 1.11 53.37** 0.85 
15 -3.78** 3.85** 11.16** 0.76 
18 -11.59** 3.65** 11.26** 0.85 
All 
soils -10.41** 3.74** 19.17** 0.75 
•Significantly different from zero at 0.05 
••Significantly different from zero at 0.01. 
Interpretation of the results shown in Table 18 requires consideration of the 
mathematical and statistical analyses as well as erosion mechanics. As discussed in 
Chapter V, the sediment transport rate, Qg, was used both to calculate detachment capacity 
and the depth. Hence, these two parameters will have a degree of spurious correlation. 
Treating Depth^ as a covariant in the analysis would help to minimize the correlation effect. 
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In the case of soils 1 and 9, clay soils that had low erodibilities, none of the hydraulic 
parameters explained the variation in detachment capacity (Table 9). The spurious 
correlation between detachment capacity and depth may be disproportionately important. 
A second cause for caution in interpreting this data was that the experimental design 
as discussed in Chapter V, had increasing rates of flow for all treatments. As flow was 
increased in steps during the experiment, depth was increased from the cumulative erosion, 
resulting in an apparent increase in erosion rate with depth simply because of the 
experimental design. This source of error could be eliminated in future experiments by 
randomizing the order of flow additions between the rills, rather than uniformly increasing 
or decreasing flow rates. 
A third cause for caution in data interpretation can be observed in soil 11, a highly 
erodible loess soil where the Depth^ coefGcient was negative for the flow only condition, 
and is low for the rain condition. The source of this low value could be because a less 
erodible layer was reached before the conclusion of the experiment on this highly erodible 
soil. A non-erodible layer had been reached on soil 5, a highly erodible silt loam (Elliot at 
al., 1988). Such a decrease in erodibility with depth was also observed on loess soils in a 
similar experiment in 1986 (Brenneman, 1988) and was attributed to increasing erosion 
resistance with depth. A less erodible layer may also contribute to reduction in the Kg 
values in Table 10 for the no rain condition. A 25 percent increase in the torvane shear 
strength was observed on the rill bottom between the start and end of die flow only period. 
It may also be that as postulated, on erodible loess soils the sides did not collapse as 
the rill may become deep. If little side sloughing occurred then a low value for the Depth^ 
coefficient would be expected. 
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Another concern about the data is the low coefficient associated with soil 2 for the 
Depth^ term. Much of the source of sediment on this soil was due to side sloughing, and a 
high coefficient for Depth^ was expected. It may be that the energy term contains much of 
the information associated with side sloughing, however, as part of the side sloughing 
process is the removal of sediment that has been detached by side sloughing. The energy 
term may sufGciently describe this part of the process, which could be the erosion rate 
limiting component of side sloughing. 
To further understand the relationship of the coefficients in the depth plus energy 
model, a correlation analysis was carried out to see which measurable soil properties had 
the highest correlations with the coefficients in Table 18. The results of this analysis are 
summarized in Table 19. 
The soil properties that are most highly correlated with the intercept coefficient. A, are 
silt content, Wischmeier's M, and the coefficient of the flow potential energy, C. The 
results given in Table 18 show that soils higher in silt or very fine sand tended to have large 
negative intercepts and large coefficients for the energy term, and these are reflected in the 
correlation coefficients given in Table 19. 
For the coefficient of the Depth^ term there was a high negative correlation with bulk 
density. The sands had the highest bulk densities while the aggregated clays had the 
lowest. The correlation with bulk density is reflecting larger Depth^ coefficients observed 
on the less dense clays and smaller coefficients on the more dense sands. This trend is 
contrary to what was predicted, and may be showing that the ability of the eroding water to 
transport away the sediment detached by side sloughing is a more important factor than the 
sloughing process in rill erosion of sandy soils. 
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Table 19. Pearson's correlation coefficients relating rill erodibility 
coefficients in the equation Dg = A + B Depth^ + C Ep to 
measurable soil properties for the rain condition 
Soil Correlation Coefficients 
Properties A B C 
Sand content 0.217 -0.297 0.172 
Silt content -0.491 0.326 0.183 
Clay content 0.323 0.100 -0.638 
Cation exchange capacity -0.151 0.200 -0.539 
Depth of A horizon 0.427 -0.161 -0.424 
Organic carbon -0.216 0.221 -0.278 
Water content at 1/3 bar -0.467 0.264 -0.063 
Wischmeier's M -0.704 0.181 0.641 
Initial moisture content -0.040 0.102 -0.043 
Bulk density -0.172 -0.626 0.588 
Specific surface 0.386 0.254 -0.701 
Torvane reading 0.405 0.790 -0.716 
Eroding water 
Sodium content 0.301 0.279 -0.168 
Temperature 0.250 0.556 -0.354 
A 1.000 0.310 -0.839 
B 0.310 1.000 -0.474 
C -0.839 -0.474 1.000 
The most highly correlated soil property with the coefficient of the Depth^ coefficient, 
B, was the torvane reading. This positive coirelation was unexpected, because the 
derivation of the soil mechanics associated with side sloughing and depth of erosion, 
indicated that a higher strength soil would be less liable to slough into the rill. There are 
several reasons why this contradiction may have occurred. On the two clay soils, 1 and 9, 
the energy model did not provide a very good fit for the data, so the Depth^ term was able 
to account for some of the large amount of the variation remaining. On these clay soils, the 
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vane shear device showed a high reading. The vane shear reading was also high on soil 
10, a collapsing loess soil, on which side sloughing showed the highest correlation coeffi­
cient. A large coefficient in Depth^ was expected for a collapsing loess, but when the 
strength of the rill was read, the moisture tension had akeady reestablished itself in the 
loess and the torvane reading was much higher than would have been expected while the 
submerged rill had been eroding. In addition to the aboVe observations, the soil with the 
lowest Depth^ coefficients, soil 2, had the lowest torvane reading. This sandy soil was 
moist prior to conducting the experiment, and so there would not be the high matric 
potential effects increasing the vane shear reading as on the very dry soils like soil 10. 
Hence, even though the vane shear reading was the opposite of that expected, it is possible 
that this was due to errors that could not be controlled in this field experiment. It is 
necessary to establish a laboratory experiment where moisture tensions can be more 
carefully controlled to fully describe the effect of depth on rill erodibility. 
The correlation coefficients for measurable soil properties and the coefficient of the 
rill flow potential energy, C, were in keeping with the earlier work discussed in Chapter 
ni, and similar to those calculated for the energy only model in Table 11. Specific surface, 
vane shear, clay content, and cation exchange capacity, all highly correlated properties, had 
an expected negative correlation with the erodibility coefficient, C. The positive correlation 
of erodibility with Wischmeier's M was also in agreement with the findings of others. It 
was, however, unexpected to see a positive correlation between soil bulk density and flow 
energy erodibility. This positive correlation may explained by the fact that the aggregated 
clays, soils 1 and 9, had relatively low bulk densities whereas the more erodible sands had 
higher bulk densities. The effect of clay aggregates on clay bulk densities confirms the 
importance of aggregate properties in determining important soil erodibility properties as 
proposed by Francis (1981). 
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Because of the high vane shear correlations with signs opposite from those expected 
for the coefficient B, a stepwise regression with measured soil properties other than vane 
shear readings was performed. The results of these stepwise regressions for coefficients 
A, B, and C, for the first three terms are summarized in Tables 20,21, and 22. 
Table 20. Results of stepwise linear regression relating intercept, 
A, in the rill detachment capacity model = A + B 
Depth^ + C Ep, to measurable soil properties for nine 
soils for the rain condition 
No. of 
Terms r^ Intercept M OM Silt 
1 0.50 -13.5 -0.49 
2 0.57 19.21 -0.50 -4.69 
3 0.74 31.68 -1.03 -14.2 0.56 
The first term in modeling the detachment capacity constant, A, was Wischmeier's M. 
The negative sign indicates that soils with higher contents of silt and very fine sand will 
have a more negative intercept These more negative values are a result of the higher values 
of the energy coefficient, C, associated with larger M's. 
The second term added in the stepwise linear regression was the organic carbon 
content, OM. Because the intercept is now positive, the negative sign on the organic 
carbon content reflects the reduction in detachment that occurs with an increase in organic 
carbon. 
The addition of the third term, the silt content, indicates that higher levels of 
detachment are associated with higher levels of silt content. The model is however 
becoming unstable, with a large positive intercept requiring large negative coefficients on M 
and OM to achieve the intercept observed on these soils. Because M and silt content are 
closely related, the offsetting positive and negative terms would tend to make the three term 
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model less stable. It can be seen that the coefficients on Silt and M add up to the single 
value on silt for the one and two variable models, confirming the high correlation between 
these two factors (r = 0.74). 
Table 21. Results of stepwise linear regression relating the 
Depth^ coefficient, B, in the rill detachment capacity 
model Dg = A + B Depth^ + C Ep; to measurable soil 
properties for nine soils for the rain condition 
No. of 
Terms r2 Intercept BD CEC Depth 
1 0.39 9.00 -4.79 
2 0.77 22.14 -12.2 -0.18 
3 0.88 24.53 -15.6 -0.26 -0.016 
In the absence of the vane shear reading, Table 21 shows that the bulk density is the 
best single soil property to describe the coefficient of erodibility due to depth. The negative 
sign on this term was not expected, but reflects the importance of considering the 
aggregated properties of a soil. 
The two property model adds cadon exchange capacity, with a decrease in the Depth^ 
coefficient with an increase in cation exchange capacity. CEC reflects the clay and organic 
matter content of a soil, and an increase in CEC would be expected to lead to a decrease in 
erosion from side sloughing. 
The third property added to the model for the coefficient of Depth^, was the depth of 
the A horizon. An increase in the depth of the A horizon suggests a decrease in the erosion 
due to Depth^. This may be due to a deeper, stronger topsoil that allowed matric potential 
to keep side sloughing down. It may also show that less erodible soils are associated with 
deeper A horizons, since the surface is not eroding away. It is also possible that with only 
nine soils, the third term in a multiple regression has little meaning. 
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Table 22. Results of stepwise linear regression relating rill flow 
potential energy coefficient, C, in the rill detachment 
capacity model: Dg = A + B Depth^ + C Ep; to measurable 
soil properties for nine soils for the rain condition 
No. of 
Terms r2 Intercept SS Water ED Sand 
1 0.49 32.6 -0.19 
2 0.78 16.65 -0.28 1.10 
3 0.94 -169. 3.10 72. 0.63 
The most important measurable soil property aside from the torvane shear reading in 
describing the coefficient of erodibility for the potential energy of rill flow is the specific 
surface of the soil. This was the same property as found for the potential energy only 
model, and reflects the clay and organic matter of the soil. 
The second property selected in the stepwise regression, the water content at 1/3 bar, 
was also the second property in the energy only model. This property reflects the clay 
content, and the relationship between soil moisture content and matric potential. 
With the addition of a third term, the model becomes unstable, relying on a very large 
negative constant term to be offset by a large bulk density coefficient. This could lead to a 
gross error in estimation with only a small change in bulk density, which would not be 
desirable. 
Rill flow potential energy was used as the main flow parameter after studying the 
results given in Table 9. However, for clay soils the Reynold's number provided a better 
fit for the data. On soil 11, the Reynold's number significantly improved the fit of the 
model. In view of these observations, a model in the form: 
Dc = A + BDepth2 + CEp + DRe (55) 
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was tested by the computer and the resulting coefficients observed. In many cases, the 
model oscillated between large values of C for some soils with values for D not different 
from zero, to large values of D on other soils with C not different from zero. In some 
cases a very large value for C was offset by a large negative value for D. Because of the 
instability that was apparent in such a model, it was decided that the proposed model in 
equation {54} was far more satisfactory for the rill erosion process. The close relation 
between these two flow parameters had been demonstrated in chapter H, so the instability 
and lack of improvement of prediction were expected. 
Geomorphic and Other Observations 
During the collection of the erosion data, the geomorphological properties of the rill 
channels on the different soils were observed. Channel geomorphology varied with soil 
texture, and certain repeatable channel types were identified. 
On soils with low erodibility, like the clay soils 1 and 9, the rill channels were 
confined by the rills, and often were forced to wind around large, non erodible clods. In 
some cases this led to a meandering channel that would cut into a softer rill side wall 
opposite the clod. 
On sandy soils like 2 and 4, the channels were braided during the rain and rain plus 
flow periods. This type of flow was described by geomorphologists (Ritter, 1986) as 
typical of channels carrying large sediment loads, often confined by weak sidewalls. A 
braided channel is a wide and shallow with deposition of transported sediment occurring in 
mid channel while the sidewalls or other sediment sources continually feed sediment into 
the channel. However, during the flow only period, the channels began to meander in the 
wide flat braided micro flood plain formed by the braided channel during the rainfall. The 
lower flow rates and the stronger sidewalls due to the increase in matric potential were 
probably the reasons for the meandering instead of braided flow during the final period. 
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The loess soils, 11 and 12, tended to erode straight down in narrow, deep channels. 
The lower infiltration rate of the puddled surface allowed matric potentials to be maintained 
in the side walls and resulted in less side sloughing. 
Several soils contained clumps of roots or large rocks that prevented concentrated 
flow from achieving the erosion rates anticipated on the soil. This was the case with 
vegetation in soils 3,8, and 16, and rocks in soils 13 and IS. The effect of surface 
vegetation has been well documented (Brenneman and Laflen, 1982) and is receiving 
further study using methods similar to this experiment (Kramar and Alberts, 1988). 
Summary 
Eighteen soils in twelve different states had identical erosion research data sets 
collected from them during simulated rainfall and additional overland flow. Nine soils 
were analyzed in greater detail to determine the important parameters in predicting rill 
erosion. Algorithms were developed to calculate the detachment capacity of each soil for 
clear water, and to estimate the depth of an eroded rill based on erosion rates and rill shape. 
The rate of detachment was found to vary with soil, the presence of rainfall, flow 
rate, and depth of eroded rill. There were also significant interactions between factors. 
The flow was expressed as hydraulic shear, potential energy, energy loss, Reynold's 
number, and velocity. Statistical analysis showed that potential energy was the single most 
important flow parameter for predicting erosion. The recommended single parameter 
model to describe the rill erosion process is: 
Dc ~ ^e (^p " ^pc) (51} 
Where Dg = Detachment capacity for clear water for a given soil, g s"l m"2 
Kg = Rill flow potential energy erosion coefficient, g (N m)"l 
Ep = Rill flow potential energy, N m"l s"l 
Epc = Critical flow potential energy below which there is no detachment, N m"l s"l 
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The constant, Epg, also contains other statistical errors in the model including any 
effect of slaking on clay soils. A stepwise linear regression with measured soil properties 
was performed on the nine soils to find the coefficients in equation (51). The 
recommended models for estimating the above coefficients are: 
Ke = 23.3 - 0.306 SS + 1.14 Water 
where: SS = Specific surface of soil, m^ g-1 
Water = Volumetric water content at j bar, per cent 
and: Epg = 0.27 + 0.62 OM -0.026 Clay 
where: OM = Organic carbon of A horizon, per cent 
Clay = Clay content of A horizon, per cent 
The calculated depth of an eroded rill improved the prediction of the detachment 
capacity on seven of the nine soils. An equation in the following form was used to model 
soil detachment capacity as a function of eroded depth and fiow in the rill: 
Dc = A + BDepth2 + CEp {54} 
Where Dg = Detachment capacity of clear water for a given soil, g s"l m"2 
A = Constant of detachment capacity model including effects of critical depth, 
critical flow, and detachment by slaking. 
B = Coefficient of erodibility due to eroded depth of rill, g s"^ m"^ 
Depth = Calculated depth of eroded rUl, m 
C = Rill flow potential energy erosion coefficient, g (N m)"l 
Ep = Rill flow potential energy, N m"l s"l 
A stepwise linear regression was carried out on the nine soils to find the coefficients 
in equation {54}. The recommended models for estimation the above coefficients are: 
A =19.21-0.50 M - 4.69 OM 
where M = Wischmeier's M in USLE K value regression 
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OM = Organic carbon of A horizon, per cent 
and: B = 22.14 -12.2 BD - 0.18 CEC 
where BD = Soil bulk density of rill bottom after erosion, g cni"3 
CEC = Cation exchange capacity of soil, meq (100 gms)"^ 
and: C = 16.65 - 0.28 SS + 1.10 Water 
where SS and Water are as described for the coefficient of energy in the one variable 
erosion model. 
90 
CHAPTER VII. CONCLUSIONS 
As stated previously, the objectives of this research project were: 
1. To compare the processes of rill erosion on a wide range of soils under 
simulated rainfall; 
2. To derive mathematical equations for rill erosion based on principles of 
soil mechanics, fluid mechanics, and soil physics; 
3. To relate the constants in the rill erosion model to commonly or easily 
measured soil properties. 
The conclusions of this study are; 
1. Different processes are involved in the erosion process, and these processes 
vary with soils. Clay soils have low erosion rates with strong clods that retard 
flow, but are liable to slake at low moisture contents. In sandy soils, a large 
proportion of eroded sediment is detached by side wall sloughing. Silt soils 
have less side sloughing but experience greater detachment from scouring of 
the channel and headcutting. 
2. The potential energy of the water flowing in a rill is the best flow parameter to 
use to predict rill erosion. It better explains observed detachment rates than 
does Reynold's number on all but a few clay soils, and both energy and Rey­
nold's number better explain observed detachment rates than does water 
velocity in the rill or hydraulic shear. The recommended model for rill erosion 
is Dg = Kg (Ep - Epg) where = detachment capacity for clear water, g s"l 
m-2. Kg = Rill flow potential energy erosion coefficient, g (N m)'^, Ep = Rill 
flow potential energy, N m"l s"l, and Epg = Critical flow potential energy 
below which there is no detachment, N m"l s"l. 
3. The existence of critical shear, or critical energy may be conceptually easy to 
understand, but has limited statistical validity This term contains the experi­
mental error in the model and was shown to include effects of detachment by 
slaking. 
4. Coefficients in the detachment capacity model given in conclusion 2 are related 
to measurable soil properties by the following regression equations; 
Kg = 23.3 - 0.306 SS + 1.14 Water 
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where: SS = Specific surface of soil, g-1 
Water=Vol water content at j bar, per cent 
and: Epg = 0.27 + 0.62 OM -0.026 Clay 
where: OM = Organic carbon of A horizon, per cent 
Clay = Clay content of A horizon, per cent. 
5. On some soils, the calculated depth of an eroded rill can explain some of the 
observed variation in erosion rates, although no satisfactory relationship 
between erosion due to eroded depth and soil properties was found. 
Further work is recommended as follows: 
1. The slaking properties of clay soils need to be quantified under controlled 
laboratory conditions. 
2. The effect of eroded depth on erosion rate can be better quantified by 
modifying the experimental design from that employed in this experiment. 
3. Prediction of erodibility coefficients should be improved by carrying out an 
analysis similar to the one used in this study on more soils. 
4. In order to separate the shear and headcutting components of rill erosion, it is 
necessary to collect and analyze additional data at erosion sites. 
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APPENDIX I. DERIVATION OF CRITICAL HEIGHTS FOR SIDE 
SLOUGHING 
Consider a wedge at the side of an eroding rill just prior to side sloughing as shown 
in Figure Al. The critical height, Hg, is the maximum height that the rill wall can stand 
undisturbed. In the initial analysis, only cohesive forces resisting failure will be 
considered. 
Freebody Diagram: Force diagram; 
f y 45+(t>/2 
Figure Al. Freebody diagram and force diagram of a wedge of soil just 
prior to failure by side sloughing 
In figure Al, Hg = critical height, <() = Soil internal angle of shear, F = Shear force 
resisting soil movement, W = Weight of soil wedge per unit length, and C = Cohesive 
force on failure plane per unit length. 
Noting that the cross-sectional area of the soil wedge is: 
Area = j (Base)(Height) 
W is the product of the cross-sectional area and the soil bulk density (Ys): 
W = ^Hc2-y2)tan(^45 - I ) {Al.l} 
In the force diagram in Figure Al, it can be observed that: 
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ZCFW=90- 45 + (434) 
= 45-1 
Since ZCFW = ZCWF, it follows that: 
C = F {A1.2} 
Using trigonometric relationships to solve the force diagram in Figure A1 for W 
making the substitution indicated by equation {A1.2}: 
W = 2Ccos(45 -1 ) {A1.3} 
By letting c be the soil cohesion in force per unit area, with reference to the freebody 
diagram in Figure Al, the total cohesive force, C, can be expressed as: 
(He - y) 
C = c-^ T: (A1.4} 
cos [45 -
Substituting the the value for C in Equation {A 1.4} into equation {A 1.3} leads to: 
W = 2c(Hc-y) {A1.5} 
W can now be eliminated by setting Equation {A 1.5} equal to equation {A 1.1} : 
2 c (He - y) =2(Hc2 - y2)tan[45 - | ) {A1.6} 
Solving the above equation for leads to: 
Hc = 7^—7-y {AI.7} 
(45 -1) YstanI 
Terzaghi, as referenced in Wu (1966), observed that, "the depth of the cracks usually 
does not exceed one half of the height, Hg." Thus: 
He y = ^ {A1.8} 
which leads to: 
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He =-2:^tan (^45 + {A1.9} 
Having considered the critical height due to resistance by cohesive and shear forces 
only, now consider the critical height in a cohesionless soil where shear strength and soil 
moisture tension (-y) are resisting failure. Figure A2 shows the freebody diagram and 
force diagram of such a situation. 
Freebody Diagram: Force Diagram: 
with a negative pore pressure 
45-<l>/2 
W 
45 + 
H c 
Figure A2. Freebody diagram and force diagram of a wedge of non-cohesive soil 
in static equilibrium where variables are as specified for Figure A1 
and Y = force due to soil moisture tension per unit length 
The unit weight of the wedge of soil will be the same as derived in equation {Al.l}: 
W  =  ^ H c 2 - y 2 ) t a n ( 4 5 { A l . l }  
The moisture tension force, V, can be expressed as the product of the soil moisture 
tension and the length of the face: 
cos(45 - I ) 
Summing the vertical forces in the force diagram leads to the following: 
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W + ^sm(45 - I )=Fcos(^45 -1 ) {Al.ll} 
Summing the horizontal forces gives: 
^cos(^45-|)  = Fsin(45-|)  {AU2} 
Solving the above equation for F, and substituting in the expression for W given in 
equation {1.10} leads to: 
F (A1.13) 
sin (45 - j) 
Substituting the above expression for F into equation {Al.ll} and solving for W 
W = - Y (He - y)^tan ^45 + j j-tan ^45 - ^ j j {A1.14} 
gives: 
Superimposing the above value for W into equation {A1.5} gives a general 
expression for failure including resisting forces due to cohesion and to moisture tension: 
W = (He - y)  ^ 2 c -  \ |f  ^tan (^45 + j  ^ -  tan ^45 -  j  J J J {A1.15} 
Setting the expression for W in equation {Al.l} equal to the expression for W in 
{A1.15} gives: 
y(Hc^ - y2)tan(^45 -  J  j  = 
(He - y) (^2 c  -  v ^tan ^45 + ^ J - tan ^45 -  j  j  J J {A1.16} 
Solving the above equation for Hg leads to: 
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Hg = —^2 c tan ^45 + ^ " V ^45 + ^ - 1 j j- y {Al.17} 
Terzaghi's assumption of the relationship between y and Hg. in equation {A1.8} 
H_ 
should be equally valid in this case. Substituting ^for y into equation (A1.17} yields the 
following expression for He in terms of soil cohesion, soil internal friction angle, and soil 
moisture tension: 
Hc=;^(2.67 c tan (45 + |)  - 1.33 V (tan^ (^45 l )  )  {A1.18} 
Once a rill has failed, erosion may continue to deepen the rill and further failures may 
occur, particularly on soils with small values of Hg. 
Figure A3 illustrates a freebody diagram showing this condition in which both 
cohesive and moisture tension forces have been included. The accompanying freebody 
diagram includes tiie superimposed forces. 
Freebody Diagram: Force Diagram: 
45+(t)/2 
Figure A3. Soil wedge in static equilibrium prior to a second sloughing failure. 
All variables are as defined for previous figures and with: 
Hci = Critical height preceding initial side slough 
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Hc2 = Critical height preceding second side slough 
In this case the weight of the truncated wedge is: 
w = ( (  .  y 2  )  .  (  H c l ^ - y Z  ) ) ^ t a n ( 4 5  -  ^  
= (Hc22-Hcl2)|-tan(45-|)  {A1.19) 
The expression derived from the force diagram will be similar to that found in 
equation {A1.15} where the forces from cohesion and moisture tension were 
superimposed: 
W = (HC2 - y) ^2 C - \)r ^tan ^45 + j j - tan ^45 - j j j j {A1.15} 
Recalling Terzaghi's relationship: 
y = y {A1.8} 
and substituting this value for y into equation {A1.15} leads to: 
W = ^Hc2 - c - Y ^tan (^5 + ^ j - tan ^45 - ^ j j j {A1.20} 
Equations {A1.19} and {A1.20} are now equated: 
(Hc2^ - He 12^ y tan ^45 -
= ^Hc2 - j(^2 c - Y (tan ^45 + j^--tan (^5 - ^ j j 
Both sides of the above expression are divided by ^ tan ^45 - to obtain: 
(Hc2^ -HCI2) = J^HC2-^^) X 
(2 c tan (45 + ^ j - Y tan^ (^45 + ^ j -1 jj {A1.21) 
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By comparing the ^2 c tan ^45 + j ^  - V tan^^45 + j J-1 j j in 
equation {A1.21 ) to equation {A1.17}, the term can be identified as 1.5 Making this 
substitution leads to: 
- Hci2 = 1.5 HC2HC1 -
and simplifying: 
Hc22=1.5HC2HC1 {A1.22} 
The roots to the above equation are: 
Hc2 = 0, 1.5Hci {AI.23} 
A similar analysis could be carried out for further side sloughs, but it is doubtful if 
such a situation would occur in rill erosion as a non-erodible layer may be reached, or soil 
properties may change with depth to confound the analysis. 
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APPENDIX II. PROPERTIES OF 1987 USDA WEPP CROPLAND SOILS 
Table Al. Description and location of cropland soils studied by the USDA WEPP project during the summer of 1987 
No. Name Location Taxonomy Parent Material 
1 Sharpsburg Lincoln, Nb TypicArgiudoU Alluvial Loess 
2 Hersh Ord, Nb Typic Ustorthent Aeolian Sand 
3 Keith Albin, Wy Aridic Argiustoll Alluvial Loess 
4 Amarillo Big Springs, Tx Aridic Paleustalf Aeolian Sand 
5 Woodward Buffalo, Ok Typic Ustochrept Aeolian Loess 
6 Heiden Waco, Tx Udic Chromustert day and Marl 
7 Whitney Fresno, Ca MoUic Haploxeralf Residium 
8 Academy Fresno, Ca Mollic Haploxeralf Residium 
9 Los Banos Los Banos, Ca Typic Haploxeralf Clay 
10 Portneuf Twin Falls, Id Durixerollic Caldwthid Volcanic Loess 
11 Walla Walla Pullman, Wa Pachic Haploxeioll Alluvial and Volcanic Loess 
12 Palouse Pullman, Wa UlticHaploxeroll Alluvial and Volcanic Loess-
13 Zahl Williston, ND Entic HaploboroU Calcareous Till 
14 Pierre Wall, SD Typic Torrert Clay Shale 
15 Williams McCluskey, ND Typic ArgiboroU Calcareous nil 
16 Barnes Goodrich, ND Pachic Aigiboioll Calcareous nil 
17 Sverdrup Morris, Mn Udic HaploboroU Sandy Glacial Outwash 
18 Barnes Morris, Mn Udic HaploboioU Calcareous nil 
Table A2. Calculated soil erodibility constants for inteirill and rill erodibility due to shear for 1987 USDA WEPP 
cropland soils 
Soil Interrill Erodibility, Kj Rill Erodibility, Kr Critical Shear, 
No gms min'l (mm min"^)'^ g m"2 sec-1 (N m'2)-l N m"2 
1 33 5.5 3.2 
2 83 19.6 2.4 
3 63 1.7 4.4 
4 75 26.3 1.5 
5 88 31.7 1.3 
6 24 13.7 2.0 
7 52 29.8 3.0 
8 52 7.3 1.1 
9 44 0.8 2.7 
10 25 15.9 3.5 
11 71 39.2 3.5 
12 77 12.5 0.6 
13 60 19.6 3.2 
14 45 15.4 3.5 
15 58 7.5 2.1 
16 35 3.8 2.1 
17 46 21.8 0.6 
18 30 10.1 4.3 
Table A3. Selected measurable soil properties and other measurements made at time of study for 1987 USDA WEPP 
cropland soils 
Soil BD Clay CEC Depth OM Water M Silt Na Temp Vane MCj MCp 
g/cc % meq/lOOg cm % % % meq/1 ®C Pa s f g  cc/cc 
1 1.33 40.6 29.4 28 1.85 27.0 35.2 55.7 2.1 10 0.56 0.06 0.62 
2 1.54 9.6 7.6 17 0.49 12.7 41.9 13.4 1.1 7 0.14 0.07 0.30 
3 1.24 19.3 18.3 18 0.91 21.3 62.3 31.8 0.3 7 0.31 0.17 0.44 
4 1.7 5.8 5.1 27 0.16 7,3 29.5 9.8 8.4 23.5 0.15 0.08 0.34 
5 1.42 12.3 10.4 17 0.82 13.1 60.4 39.9 11.3 25 0.2 0.11 0.40 
6 0.90 53.1 33.3 23 1.36 28.8 20.1 38.3 1.5 24 0.16 0.25 0.41 
7 1.49 7.2 3.4 19 0.19 6.7 28.1 21.7 1.2 25.5 0.31 0.0 0.29 
8 1.55 8.2 5.3 21 0.41 8.6 45.3 29.1 0.2 21.5 0.55 0.0 0.24 
9 0.97 43.1 38.7 26 1.47 28.4 31.2 40.4 2.5 24 0.74 0.03 0.43 
10 1.24 11.9 12.6 20 0.72 24.7 70.2 65.7 4.0 20 0.83 0.03 0.38 
11 1.45 10.5 15.1 18 1.49 34.0 79.0 74.2 0.9 16 0.25 0.05 0.52 
12 1.15 20.1 19.6 28 1.76 26.3 63.0 70.1 0.9 16 0.41 0.1 0.51 
13 1.23 24.0 28.3 18 1.69 20.3 32.1 29.7 2.9 22 0.49 0.13 0.33 
14 1.03 44.2 31.6 16 2.06 23.4 22.6 33.4 18.7 27 0.44 0.13 0.49 
15 1.13 26.0 22.7 15 1.79 23.5 32.5 32.4 18.2 24 0.50 0.18 0.36 
16 1.15 24.6 24.1 15 3.26 28.5 36.6 35.9 3.4 22.5 0.52 0.15 0.40 
17 1.43 8.7 Î1.0 36 1.28 13.4 16.8 15.3 0.9 23.5 0.52 0.09 0.28 
18 1.25 17.0 19.5 23 1.98 21.8 38.0 34.4 0.3 24.5 0.55 0.09 0.41 
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Iowa State University. Ames, Iowa 
Degree: B.S. in Agricultural Engineering 
1964-1967 
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University of Aberdeen. Faculty of Science, Aberdeen, Scotland, UK 1978-1980 Study 
Part Time for Degree of Master of Science by Thesis 
Thesis Subject: Ventilated Winter Storage of Swedes (fl. Napus ) 
Professional Experience 
USD A Fellow, and Instructor. 
Iowa State University, Ames, Iowa 
SgpiOTUcnirer. 
Writtle Agricultural College, Chelmsford, England, UK 
Atrriculniral Engineer. 
Rural Development Institute, Cuttington Univ. College, Liberia 
Mechanization Adviser. Engineering Division, 
North of Scotland College of Agriculture, Aberdeen, Scotland, UK 
Resident Engineer. 
Bahamas Agricultural Development Project, Andros Island, Bahamas 
Jan 86 - Present 
Sep 82 - Dec 85 
Apr 81 - Jul 82 
Apr 76 -Apr 81 
Mar 74 - Sep 75 
Head. Agricultural Engineering Department. 
Embu Institute of Agriculture, Kenya 
Sep 71 - Aug 73 
As US Peace Corps Volunteer 
